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SUMMARY s

A study has been made of the feasibility of developing a
transonic hinge-moment prediction method for cruciform all-
movable controls by correlating an extensive data base using
the equivalent angle of attack concept. Body vortex effects
have been handled using a simplified vortex model. Existing
data from the Army generalized missile have been studied to
examine transonic nonlinearities including pitch-yaw coupling
and fin-fin control interference. Data for an aspect ratio 3.53,
taper ratio 0.06 canard fin have been successfully correlated
on the basis of the equivalent angle-of-attack concept. Data 'S
for an aspect ratio 2 delta fin mounted aft on the triservice

missile have also been studied for angle of attack to 20° for E
Mach numbers of 0.8 and 1.2. Methods of extending the range o
of applicability of a previous hinge-moment prediction method 3
have been developed. Desirable future extensions have been 2
pointed out. o
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Note 1. With respect to positive control deflections, the con-
vention for the Army generalized missile is different from that

for the triservice missile. For the Army generalized missile,
positive pitch deflections of the horizontal fins corresponds
to trailing edge down. Positive yaw deflection of the vertical
fins is trailing edge to the right looking forward. For the
triservice missile, positive fin deflection for all fins corres-

ponds to trailing-edge deflection in the clockwise direction
looking forward.

Note 2. For the Army generalized missile the fins are numbered
counterclockwise starting with fin 1 at the leeward meridian.
For the triservice missile the numbering is clockwise starting
with fin 1 at the leeward meridian.

12

.
ORI

Cetav @

.) 0



XA

1. INTRODUCTION

All-movable controls are extensively used in missiles, and
it has been traditional to obtain the control effectiveness and
hinge moments from extensive wind-tunnel testing over the opera-
ting range. Only then can the maximum hinge moments be determined,
and thereby the weight and size of the control actuator. 1In
reference 1, a preliminary method for estimating hinge moments of
all-movable controls is advanced, but several significant limita-
tions of the method are noted. Probably the principal limita-
tions are due to transonic nonlinearities in the Mach number range
0.6 to 1.2 It is the propose of this study to investigate further
these transonic nonlinearities with a view to extending the range
of applicability of the method.

One way of predicting hinge moment is to assemble a systematic
data base and to interpolate in the base. A systematic triservice
data base is being assembled under a joint effort by NASA-Langley
Research Center and NEAR Inc. The NEAR Inc. work is being ac-
complished under Office of Naval Research Contract N00014-81-C-0267,
jointly sponsored by the Army, Navy, and Air Force. The resulting
data base covers fin planforms of aspect ratio 1 to 4, taper ratio
0 to 1, and Mach numbers 0.6 to 4.5 to high angles of attack and
control deflections. If a rational aerodynamic model for estimating
hinge moments can be established based on these data, then it
can be generalized to apply to configurations with fins mounted
at different longitudinal positions on the body, to configurations
having different ratios of body diameter to fin span, and to con-
figurations with all-movable controls influenced by forward fixed
or movable fins. In this way the purely emperical results can
be generalized to a configuration space of three more parameters.
Because of the extensive testing needed to establish the primary
data base, it would be impossible to extend the data base to such

a broad configuration space experimentally.

The rational modelling required to extend the data base is

described in reference 1. It consists of several parts, the first

13




. 3
A
ﬂ part of which is correlation curves of the data constructed on iﬁ
ff the basis of the equivalent angle-of-attack concept, subsequently -
) to be described. The second part consists of a vortex model used 3
o to estimate the effect of body vortices or other vortices on the fﬂ
; all-movable fin characteristics. We will apply these two tools -
% to systematic transonic data to determine the limitations of the :g
method, to identify phenomena not accounted for by the method, -
' and to investigate means for modelling these phenomena in the -
i method.
In what follows the report describes relevant background ig
A material including the egquivalent angle-of-attack concept and
' its application to the Army generalized missile. Experimental .?
results on pitch-yaw control coupling and interference between -
a deflected and undeflected fins are analyzed. Next, a systematic ;ﬁ
2 analysis is made of the experimental results for an aspect ratio y
g 2 delta control mounted on a triservice missile using the hinge- A
A moment prediction method and a supersonic missile program. N
s
; -
2. BACKGROUND; ARMY GENERALIZED MISSILE RESULTS
Il
2,1} Introductory Remarks )
In references 1 and 2 special effects exhibited by transonic ??
5 all-movable controls have been described. It is the purpose of -
this section to summarize these effects. There is at this time z“
:I no published data base on all-movable control effectiveness '3
! and hinge moments for systematic planform variations. However, )
- available data will be analyzed. Generally speaking, the state <3
E of the art will be summarized. -
% Hinge moment is the product of the fin normal force and the ::
. normal distance from the center of pressure to the hinge line. -
The fin normal force is a measure of the fin effectiveness so ;;
. that anything affecting fin effectiveness influences hinge moment.
° -
\ 14 .
R -?
e *




2.2 Nonlinear Wing Section Effects
on Transonic Hinge Moments

There are relatively few studies in the general literature
concerning the transonic characteristics of all-movable controls.
Many measurements of the effectiveness and hinge moments of all-
movable controls in the transonic range have been made on par-
ticular missiles, but these data are unpublished and reside in
the archives of the missile manufacturers.

In reference 1, a general preliminary method of predicting
all-movable control fin hinge moments was presented based on the
equivalent angle-of-attack method (later to be described). It
was concluded "the method is not accurate at transonic speeds
principally because no method exists to account for wing section

effects on axial center-of-pressure location.”

It is possible to illustrate the effects of wing section on
the axial center-of-pressure location by comparison of two dif-
ferent data sets differing in wing section. The first data set
is that of references 3 and 4 which includes the systematic set
of fins shown in figure 1. Reference 4 presents figures of the
tabulated data of reference 3. The fin-alone characteristics
were determined by force measurement on a reflection plate. The
second set of data is that of references 5 and 6 which include
the systematic set of wings shown in figure 2. These wings were
tested as pressure models supported by a dog-leg sting with the
orifices on the surface opposite the sting to minimize sting

interference.

It is of interest to compare the normal-force curves and
axial center-of-pressure locations for the wings of both sets
for R= 2, » = 0.5. These wings correspond to fin P8 of the
Stallings-Lamb-Briggs set (fig. 2) and fin T23 of the Baker set
(fig. 1). It is noted that fin Pg has a root-chord thickness
ratio of 0.088, which increased linearly toward 0.166 at the
tip, but does not attain this value at the tip because of the
bevel. Fin T23 has a thickness ratio of 0.049 at the root chord

and appears to change slowly (if at all) as the section moves

15
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.? spanwise toward the tip. Both fins show varying thickness 1
:f distributions with changes in spanwise position. '
\? The normal-force comparisons for the fins are shown in
_i figures 3(a) and 3(b), respectively, for Mach numbers of 0.8
;T and 1.2. Note that the thicker wing, Py, shows a stall near
T a = 20° while the thinner wing does not. The stall of wing Pg

_ makes it difficult to apply the equivalent angle-of-attack
i{ concept to this wing above the stall.
;ﬁ The wing axial center-of-pressure positions are shown in
b figure 4. There are significant differences between the axial
‘\ center-of-pressure locations of the two wings. These and the
o results from the foregoing figure exhibit the differences that
Eﬁ wing section can make on the quantities influencing hinge-moment
= coefficients for wings alone. These differences can be expected
T to appear also in fins attached to circular bodies. Admittedly
:? the P8 wing is fairly thick and accentuates differences due to
:¥ wing section. However, wings P2 and T31 of aspect ratio 0.5 and

| taper ratio 0.5 which are both fairly thin, also show pronounced
SJ stall differences at M_ = 0.8 and some significant center-of-
3; pressure differences at M_ = 0.8. The differences at M_ = 1.2
:; are not large.
\) The points to be learned from these observations are that
:: a high angle-of-attack hinge-moment predictive method at transonic
o speeds should be able to account for effects of wing section on
ij stall characteristics and center-of-pressure location. Also,
;{ any systematic data base to obtain transonic hinge moment data
;3 should not have different airfoil sections from fin to fin.
R
;Ei 2,3 Linear Equivalent Angle-of-Attack Method
1{ The nonlinear equivalent angle-of-attack method is described
ff in reference 7 in full mathematical detail, and here we will
Ei briefly describe the linear form of the concept preparatory to
:: exhibiting some transonic nonlinearities in existing data. The
0. first notion to be considered is the so-called "wing alone." If
:f two fins, which are mirror images of one another, are precsent on
<~
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a body at different ends of a diameter, then the wing alone

consists of the wing formed by joining the fins at a common

root chord. The equivalent angle of attack of a fin on a body

with normal-force coefficient CNF is the angle of attack of the
wing alone at which its normal-force coefficient CNW is equal

to CNF.
based on the fin planform area and the wing planform area,

The normal-force coefficients CNF and CNW should be

respectively, to avoid a complicating factor of two.

Anything that can influence the normal force on a fin will
affect its equivalent angle of attack. We will consider the fol-

lowing four influences.

(1)
(2)
(3)
(4)

Body angle of attack
Fin deflection angle
Fin roll angle

Induced vortex effects

Let us now consider the first influence; namely body angle
attack.
lution at angle of attack, there will be additional upwash

If the fins are horizontally mounted on a body of

the positions the fins would occupy due to speed up of the

of
revo-
at

Ccross

flow to get around the body. As a result the average angle of
attack of the fins is greater than O the body angle of attack.
If CNF is the normal-force coefficient of the fin and %eq its
equivalent angle of attack, then a fin interference factor for

angle of attack can be defined as follows.

a
- _eq, -
K, = Trﬂj § = 0 (1)

C

In other words, the equivalent angle of attack is Kwuc for the
horizontal fins. The factor Ky is given by the ratio of the
fin normal-force coefficient to that for the wing alone at a,
only in the case of a linear normal-force curve, which will not
be the case for high angles of attack. Based on slender-body

*
theory, K is a function only of a/sm .

wl

——————
See "Missile Aerodynamics" by Jack N. Nielsen
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i;? Let us now consider the effect of all-movable control deflec- g

iﬁ tion on eguivalent angle of attack. For this purpose, consider )
the following sketch, giving the fin numbering system for a cruci- :

:j form fin-body combination, and establishing the roll angle ¢ of :

Eﬁ the combination. Let ¢ = 0, and let the horizontal fins develoo

t. u

®
®

- rear view

a normal-force coefficient (CNF)o at § = 0 and CNF at § # 0.

Let the corresponding equivalent angles of attack be aeq o
4

and aeq’é' Then let a control-effectiveness factor kw be

defined as

- ¢ S ®eq,0
P kK = eq, eq, (2)

. The contribution of the fin deflection § to fin equivalent angle

& of attack is thus k- If the fins were mounted on an infinite

é; reflection plane, then kw would be unity. However, a circular body
f is not a perfect reflection plane so that k, is usually less than

;? unity. What is interesting, however, is that kw is not much

s less than unity on the basis of slender-body theory, having a

gé minimum value of about 0.94.*

-,

1 ®. —

;ﬁ: See "Missile Aerodynamics" by Jack N. Nielsen
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The roll position of the fin has an influence on the sweep

angle of its leading edge relative to the free-stream direction.
If ARe is the sweep angle of the leading edge for ¢ = 0°, then
it is (AQe + ac) for ¢ = -S0° and (AQe - ac) for ¢ = +90°., As
a result the fin in the first quadrant, -90° < ¢ < 0, loses
normal force and the fin in the fourth quadrant gains normal
force. The angle of attack of the fin, a, and its sideslip
angle, B, are related to e and ¢ in accordance with the pitch-

%*
roll sequence.

sin o sin a, cos ¢

sin B sin o sin ¢ (3)
The change in normal force due to roll angle (other than the
direct effect on a) is proportional to the product aB. The
same holds true for the corresponding change in the equivalent

angle of attack. Thus

Aaeq ~ of (4)
The constant of proportionality, K¢, is normalized by 4/R since
slender-body theory yields this scaling for the aspect ratio of
delta wings. We thus have

o ac|ac| sin ¢ cos ¢ (5)
The vortical effect on equivalent angle of attack is the

angle of attack induced normal to the fin by the vortices in

the field together with their images in the body. Without

explaining how this quantity is calculated, we simply designate

it by (Aaeq)v. The equivalent angle of attack for a fin at roll

angle ¢ accounting for all four effects and allowing for negative

angle of attack is

—
See "Missile Aerodynamics" by Jack N. Nielsen
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aeq = Kwac cos ¢ + kw )

K, a_|a_| sin ¢ cos ¢ + (Aa_ )

+ $ c'’c eq'v (6)

Bl

Having established the equation for the equivalent angle of
attack on the basis of linearity, it is seen that we have linearily
superimposed the four components of the egquivalent angle of attack.
How nonlinearities can still be treated on this basis will now be
explained, and will then be demonstrated in the next section.

The basic assumption underlying the equivalent angle-of-attack
concept is that the nonlinear behavior of the fin attached to

the body is in one-to-one correspondence with that of the wing
alone. Specifically if we determine aeq from equation (6), we
can then determine CNF as the value of the wing alone CN at an
angle of attack equal to aeq‘ Further consequences of the concept,
neglecting vortex effects, are that the axial and lateral center-
of-pressure locations should also similarly be obtained. It

also follows that the hinge-moment coefficient without vortex
effects should also similarly be obtained. Body vortex effects
influence fin center-of-pressure position in a way which does

not correlate with aeq' It is best to have data on the wing
alone which exhibits its nonlinear behavior, although a wing-
alone curve can be simulated by correlation as will be shown.

The equivalent angle-of~attack concept also suggests means
for correlating fin data. For instance, when the fin normal-
force coefficient is plotted against aeq' all the data should
fall on a single curve for variable a, 6, and ¢ for a given Mach
number. It is now our purpose to investigate, using data, how
far we can go with these notions.

2.4 Some Transonic Correlations Based on Equivalent
Angle of Attack at ¢ = 0, Case I
A basic set of data exists for a canard all-movable control
on the Army generalized missile, references 8 and 9. It is quite
suitable for checking out the equivalent angle-of-attack concept.
The missile and canard fin (C6) are shown in fiqure 5, as well
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as the triservice missile, later to be considered. These data

are particularly suitable for the program because nose vortex
effects are minimal for these canard fins due to the nose shape
and short forebody length. If strong vortex effects occurred,
it would be necessary to estimate (Aaeq)v in equation (6) in order
to check out the equivalent angle-of-attack concept. Thus, the
aeq comparisons would be influenced by inaccuracies in the ap-
proximate methods now used to estimate (Aaeq)v.

For the Army generalized missile, three cases will be con-
sidered as follows:

Case I: ¢ = 0; 6 =0° 5°, 10°, 15°
Case II: =-90° < ¢ < 90°; § =0

Case III: =-90° < ¢ < 90°; Gp = 15°

The first correlations will be of CNF for fin C6 at ¢ = 0
for the combined effect of o, and 8. The correlations have been
made for an angle-of-attack range 0 < a, < 20° and 6 = 0°, 5°,
10°, and 15° for M_ = 0.8 and 1.3 in figure 6. Correlations are
given using both the linear and nonlinear definitions of a

(ref. 7).

eq

Examining first figure 6(a) we note that the CNF data for
M, = 0.8 using the linear aeq are quite well correlated for the
range of a and 8§ quoted above. Some scatter at the higher angles
of attack is seen but does not cause larger percentage errors in
CNF for a given aeq' What is interesting is that a linear aeq
correlates the data into a nonlinear normal-force curve. The
guestion arises how the nonlinear aeq correlates the same data.
This result is shown in figure 6(b). Note that the correlation
is no better, but if anything it exhibits more scatter at high
aeq' The same nonlinear behavior of the CNF curve is exhibited.
Another difference is exhibited; namely that the maximum aeq is
less for the nonlinear aeq correlation. The reason for this is
that the nonlinear aeq method utilizes a tangent addition theorem
rather than a linear addition theorem, although the effect of
§ is linearly additive for both the lincar and nonlinear (ref. 1)
forms of o _ .

eq
21
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Figures 6(c) and 6(d) show correlations for M_, = 1.3 based =

on the linear and nonlinear definitions of aeq’ respectively. .
These figures exhibit the same general results as figures 6(a) ,J
and 6(b). One notable difference, however, is that the M =1.3 )
data exhibit less scatter than the M_ = 0.8 data. This result -3

A

is probably associated with the tendency of transonic flow to

be more nonlinear if subsonic. -3
A

According to the equivalent angle-of-attack concept, the
correlation curves should correspond to the normal-force curves R
of the wing alone. However, we have different correlation curves =
for the linear and nonlinear definitions of aeq‘ From the theo-
retical point of view, the correlation curve for the nonlinear o
aeq should more closely approximate the wing-alone normal-force
curve. We do not have an experimental wing-alone curve in this o
instance to verify this conjecture. However, we will take a ‘
different point of view in the following work. Since it is
easier to use the linear aeq definition, we will use the cor-
relation curve for the linear correlation as a "simulated wing- ty
alone curve." 1If we have CNF versus e for § = 0, we can then )

determine CNF for various §.

s ¥z
Lo at

One final point is made in connection with the correlation
curves. Slender-body values of KW and kw have been used in cal- ~a
culating aeq’ and these values should be used with the correlation R

curves.

In addition to the fin normal-force coefficients associated

with a and 6, we need the corresponding center-of-pressure positions

of these normal-force components to determine hinge-moment co- -

efficients in accordance with the following formula. In this

equation the o

CHM = (CNT) -cl‘— . 3
rja r JHL S

+ (CNI")(S

---------
.......

- RN
------
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reference area is assumed to be the same for CNF and CHM,

and the reference length is the root chord. Let us now examine
first (x/cr)a and then (x/cr)G.

The values of (§/cr)Ol are given in figures 7(a) and 7(b)
for M_ = 0.8 and 1.3, respectively. Results are given for
both the left fin (No. 2) and right fin (No. 4) to give an idea
of the accuracy of the measurements. As seen in both figures,
the measured values for both fins are well within 0.01 of each
other. The M_ = 0.8 data exhibit nonlinear travel of ia which
amounts to about 0.07 Cr- The data for M_ = 1.3 show almost
uniform center-of-pressure locations from aeq = 0° to aeq = 20°.
How roll angle ¢ affects these results will be discussed in the

next section.

Values of (:T('/cr)(S are shown as a function of o for M_, = 1.
and § = 5°, 10°, and 15° in figure 8 for both fin 2 and fin 4.
It is noted that the fin 4 results show generally more rearward
center-of-pressure positions than fin 2. A slight difference
in hinge-line position could account for the difference. The
scatter of the data definitely decreases as § increases as might
be expected. The data for all three §'s has been plotted versus
O in figure 8(d) for fin 4, exhibiting a correlation with gen-
erally less than +0.01 scatter. Note the differences between
the (§/cr)a results of figure 7(b) and the (;c/cr)6 results of
figure 8(d). Slender-body theory predicts a more rearward
position of (§/cr)6 than (§/cr)a of about 0.019 for delta wings,
a slightly greater amount than exhibited by the data at low a,
but the difference is probably within the experimental error.
At values of oL of about 20°, the value of (i/cr)é approaches

the centroid of the fin planform.

What is interesting about figure 8(d) is that (§/cr)6 cor-
relates on the basis of body angle of attack rather than the
equivalent angle of attack as postulated previously. This could
be explained by the fact that the wing-body interference on
(Sc'/cr)(S is not a strong function of 6. Thus the variable gapo
geometry with changing 8 does not appear to have a significant

23
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effect on (§/cr)6. Also any boundary-layer effects on (;/Cr)é
do not depend on ¢ probably because the short body iength in
front of the canard control minimizes boundary-layer effects.

Using figures 6(c), 7(b), and 8(d), fairly good predictions
6 at ¢ = 0 and M_ = 1.3
for the ranges of a and § of the correlations.

could be made of hinge moment for fin C

Consider now the correlations of (§/cr)(S at M_ = 0.8 for
fin Ce- A correlation for M_ = 0.8 is given in figure 9 for
(x/cr)(S similar to that given in figure 8(d) for M_ = 1.3.
Figure 9 exhibits a number of significant points. First, the
data do not correlate nearly so well with o at M_ = 0.8 as at
M, = 1.3. Also there is a much wider center-of-pressure travel.

It is clear that transonic nonlinearities are acting at M_ = 0.8
which are not present at M_ = 1.3.

One point that must be made is that over part of its range
the control is operating on the flat part of the normal-force
correlation curve, figure 6(a). The equivalent angle of attack
range for this flat spot is about 17° to 26°. 1In figure 10,
the fin normal-force coefficient and hinge-moment coefficient
increments due to 5° of control deflection at M_= 0.8 are
plotted versus the equivalent angle of attack at § = 0°. The
fin thus acts between § = 0° and § = 5° on the flat part of the
curve in figure 6(a) for an equivalent angle of attack range
from 17° to 21°. Figure 10 shows fin normal-force increments
of nearly zero for this range. However, a significantly large
hinge-moment coefficient is exhibited over this range. Thus

control deflection produces substantially no normal force increase

but large pitching moment changes occur over this range. This
causes the center of pressure of the normal force due to control
deflection to move far rearward as exhibited in figure 9. 1If
the control produces zero normal force, the center of pressure
would move back to infinity. Whatever transonic wing flow-field
nonlinecarity produces the flat spot in CNF versus teq thus
accounts for the behavior of (SZ/cr)(g exhibited in figure 9.
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Some correlation curves for fin normal-force coefficient
actually show a maximum followed by a minimum in the "stall"
region. This would further complicate the behavior of (§/cr);.
Also, the reversal of control effectiveness would make such fins

undesirable for transonic control.

The foregoing nonlinear behavior has certain implications
for a hinge-moment prediction method. The curve of (x/cr)(S
must be terminated at some finite value of this parameter
as shown in figure 9, and a band exists over which hinge moment
would not be predicted. However, from the predicted values on
each side of the band, the values in the band would be determined

by interpolation.

2.5 Some Transonic Correlations Based on Equivalent
Angle of Attack Under Conditions of Roll
with No Control Deflection, Case II

The success of the equivalent angle-of-attack concept to
correlate both fin normal force and center-of-pressure position
as a function of o and § has been explored at zero roll angle,
and now we explore its application at other roll angles. First
we consider the joint effects of o and ¢ for zero control de-
flection. For this purpose the Ky and K¢ terms in equation (6)

are relevant.

To obtain a range of ¢ values from -90° to +90°, the Army
generalized model had only to be rolled by 45° and data taken

on all fins as follows.
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Fins 1, 2, 3, and 4 thus map out the complete equivalent region
of fin 4 through the range 90° > ¢4 > -90°., The correlation
curves which follow will contain data from all four fins since
they cover the range 90° > ¢ > -90°,

Consider the correlations for M, = 0.8 and 1.3 for roll
angles of ¢4= 0°, 30°, 45°, 60°, and 80° with fin 4 in the fourth
quadrant and for ¢4= -30°, =-45°, -60°, and -80° with fin 4 in the
first quadrant. These results are shown in figure 11. With
respect to figure ll(a), the fin normal-force coefficient in the
fourth quadrant correlates well for M, = 0.8. 1In the first
quadrant, ¢ negative, figure 11(b) exhibits some lack of cor-
relation for the ¢ = -60° and ¢ = -80° data. However, this

effect seems to be principally the result of tares existing at
a = 0°,
c

Figures 1l1l(c) and 11(d) present the fin normal-force cor-
relation for M, = 1.3. Figure 1ll(c) for the fourth quadrant
shows quite good correlation for 0 < ¢ < 80° except near the
upper end of the aeq range for ¢ = 0° and 30°. The djsagreement
is not serious. The data for the first quadrant, -80 < ¢ < 0
also shows good correlations except for the ¢ = 0° and ~-30° cases
at high equivalent angles of attack, aeq > 18°, It appears that
by putting different fairings through the data for the two
quadrants, the correlation error can be reduced to a tolerable

amount.

Let us now consider the fin center-of-pressure position

relative to the hinge line, (x This parameter is

o ~ Xyp)/Cp-
assumed to be a function only of equivalent angle of attack ac-
cording to the equivalent angle concept. It is thus only a
function of fin normal-force coefficient by the same token. We
have correlated the parameter as a function of fin normal-force
coefficient and roll angle in figure 12. The product of abscissa
and ordinate yield the hinge-moment coefficient based on the

root chord. Looking first at figure 12(a) for M, = 0.8 and

0 < o) < 80°, it is seen that all the data correlate well. The

travel of the center of pressure across the hinge line at both
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low a, and high a, is an interesting transonic nonlinearity.

Figure 12(b) for -80° < ¢ < 0 shows the same trend as figure
l2(a) for the 0 < ¢ < 80° data. However, the ¢ = -80° data
shows a departure from the correlation with rearward movement

of the center-of-pressure position for a, > 14°. The half

angle of the nose is approximately 19° so that vortices from

the surface of the nose do not appear to be the problem at least
initially. However, boundary-layer effects are a likely cause
forac== 14° to 19° with separation vortices as the cause at the
higher angles of attack. 1In this case the hinge-moment coefficient
is not a maximum. This occurs at about CNF = 0.22 with

(ia - xHL)/cr of about -0.035.

Turning now to the data for M_ = 1.3 in figures 12(c) and
12(d) , we see a good correlation for 0 < ¢ < 80° generally within
a band of +0.01. The data for -80° < ¢ < 0° in figure 12(d)
exhibit good correlation. For ¢ = -80°, the fin exhibits centers
of pressure closer to the hinge line than the correlation curve
in constrast to the ¢ = -80° data at M_ = 0.8 which shows move-
ment away from the hinge line. However, the hinge moments are

reduced thereby and the maximum hinge moment is unaffected.

Correlations of CNF and (;a - xHL)/cr for -90° > ¢ > 90° and
@, up to 20° are thus adequate for estimating hinge moments for
§ =0 at M, = 0.8 and 1.3 for most of the roll range. For
¢ = -80°, slight departures of (;a - xHL)/cr from the correlation
curves cause inaccuracy in hinge-moment prediction. However,
these inaccuracies do not occur in a region of maximum hinge

moment .

2.6 Correlations Based on the Equivalent Angle-of-
Attack Concept Under Conditions of Combined
Roll and Control Deflection, Case III
In this section we analyze control deflection data of the C6
fin mounted in the canard position on the Army generalized missile.
First, we will see how well the combined effects of roll and
control deflection on fin normal force are correlated by use

of the equivalent angle of attack concept. Then, we will examine
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the effects of roll angle on the fin center-of-pressure position q
due to the fin deflection. For these purposes we have data for
the following test conditions for both M_ = 0.8 and 1.3

3

¢ 91,3 82,4 3

0 0 15° X
0 15° 0
45° 0 15°
45° 15° 0

Since data for all four fins were obtained, we have results for
the following fin positions; -90°, -45°, 0°, 45°, and 90°.

The fin normal-force coefficient has been correlated as a
function of equivalent angle of attack in figure 13 for M_ = 0.8 .
and 1.3. Examining figure 13(a) for M_ = 0.8, we see the data
for ¢ = -45°, 0°, and 45° for an angle of attack range from
0 to over 20° correlate well. According to the equivalent angle &
of attack concept, the normal forces acting on the vertical fins
for ¢ = 0 with 15° of control deflection should not change with
angle of attack. The data for these two fins, ¢ = -90° and
¢ = +90°, are shown as data bands at an aeq of 14°, The width 5
of the bands is within the scatter of the general correlation. h
The data band for ¢ = -90° is biased upward by 0.05 due to tares
not accounted for in the data reduction.

Consider now the data for M_ = 1.3 in figure 13(b), which
has been plotted to an expanded scale. This figure shows the com-
bination of roll angles and fins which went into the data cor-
relation. The data generally correlated well. The only special
phenomenon worth noting is that the ¢ = -45° data exhibit normal-
force stall for the last data point, which corresponds to a

P c
-0 above 20°.

Several observations concerning these correlation curves
are relevant. Even thouch they are for & = 15°, it is presumed
that they also are valid for § < 15°. The fact that the “aq

z correlation works for negative ¢'s can be attributed to lack of
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body viscous or vortex effects for a, < 20° for any C6 fin in
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the canard section. It should not be expected for the Ce fin

in a tail position that the negative ¢ data could be so cor-
related since they will contain significant body vortex effects
at large angle of attack. Also, all results so far apply to an
R = 3.53 wing, and may be modified for lower aspect ratios and
large taper ratios. This question will be addressed in con-
nection with the data of the triservice data base.

Let us now examine the effect of roll angle on the center-
of-pressure position of the fin load developed by fin deflection
as exhibited in figure 14 for M, = 0.8 and 1.3. With respect
to figure 14(a) for M, = 0.8, we note that the equivalent angle
of attack for the fin at ¢ = 490° is invariant with changes in
angle of attack. The bands of fin center-of-pressure position
from 0 to 22.5° of angle of attack are shown at aeq = 14°, Both
deflected fins have this value of aeq at ac = 0, and should all
have the same center-of-pressure position at this point. The
scatter is a measure of the precision at a = 0°. It is noted
that at the upper and lower ranges of aeq the data correlates
fairly well. However, in the 17° to 20° range of aeq’ the fin
operates over the flat spot of the normal-force correlation,
as seen in figure 6(a). In this range, control deflection
produces very small additional normal forces but large hinge
moments are generated as a result of downloads in front on the
hinge line and uploads behind it. The result is that the
center-of-pressure position migrates a long distance behind the
hinge line. The flow phenomenon which produces this effect is
sensitive to roll angle so that the absolute accuracy of cor-
relation in the middle range of aeq is not good, nor are the
data repeatable with the same precision as at the two end ranges.
Since the lever arm for hinge moment is long in the midrange,
the percent error due to the increased scatter here is not so
serious as it looks. It is clear that the equivalent angle of
attack concept does a good job of correlating the effects of
roll angle except in the midrange of equivalent angle of attack.
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We now turn our attention to M_ = 1.3 in figure 14(b)

which is plotted to a much expanded scale compared to figure 1l4(a).
For the low range of ueq' good correlation is obtained. For the
high range there is a systematic departure from correlation
which depends on ¢. These results are due to a cause not present
in the M_ = 0.8 data, a cause not understood. These depcrtures
from correlation are larger than the limits which we feel are
required for good hinge-moment prediction for controls which
have small hinge moments. This effect places limits on the angle
of attack to which the equivalent angle-of-attack concept is
valid as presently used. Further discussion of this behavior

will be made in connection withthe triservice missile.

6 Correlation Curves
The discussion in the three preceding sectic s will now

The fol-

2.7 Summary of Fin C

be summarized to bring the results into perspective.
lowing summary is presented for that purpose:

CASE I.- Effect of Control Deflections,

¢ =0 ép = 0°, 5°, 10°, 15° 0 < a, < 20°

CNF versus aeq

Figure 6(a), M_ = 0.8:

[+

Figure 6(b), M_ = 1.3:

Good Correlation

X/C versus o
(x/c) eq

Figure 7(a), M_ = 0.8:
Figure 7(b), M_=1.3

No correlation
involved

X/c_). versus o
(x/ ré C

Figure 9, M_ = 0.8: Good correlation,

X -+ o

S
Figure 8(d), M_ = 1.3: Good correlation

CASE 11.= Effect of ¢; no control deflections
-80° <¢ < 80°; 6p= 0, 0 < a,

< 20°




CNF versus a

eq
l Windward fins, 0 < ¢ < 80°
> Figure 11(a), M_ = 0.8: Good correlation
~ Figure 11(c), M_ = 1.3: Good correlation
= Leeward fins, -80° < ¢ < 0°
Figure 11(b), M_ = 0.8: Fair correlation
: Figure 11(d), M_ = 1.3: Fair correlation

(§/cr) versus CNF

o
Windward fins, 0 < ¢ < 80°
Figure 12(a), M, = 0.8: Good correlation
Figure 12(c), M_ = 1.3: Good correlation
E; Leeward fins, -80° < ¢ < 0°
Figure 12(b), M, = 0.8: Good correlation
except for ¢ = -80°
above o, = 10°
i Figure 12(d), M_ = 1.3: Good correlation
except fair
. for ¢ = -80°
CASE III.= Combined effects of roll and fin deflection
n -90° < ¢ < 90°, 6p=15°, Oiaci20°
CNF versus a
- eq
g Figure 13(a), M_ = 0.8: Good correlation
- Figure 13(b), M= 1.3: Good correlation
(x/cr)6 versus aeq
% Figure 14(a), M_ = 0.8: Fair correlation;
X . > o
o Figure 14(b), M_ = 1.3: Ggod correlation up
'-': to « = 240/
- €eq
departure from
it correlation thercafter
N
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For Case I no departures from correlation occur. For Case II

the values of §a do not correlate for ¢2 = -80° above ac = 10°

at M_ = 0.8. This could be the result of an inviscid or viscous

effect. For Case III and M_ = 1.3, x5 does not correlate for
%eq > 24° for roll angles other than +90°. This behavior puts
a limit in angle of attack of the fin deflection results which
depends on ¢. For M, = 0.8, 26 approaches infinity when the

control between 6§ = 0 and$§ # 0 acts over the fin stall region,
but fair correlation is obtained.
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3. CONTROL NONLINEARITIES AND CROSS COUPLING
AT HIGHER ANGLES OF ATTACK

3.1 High Angle-of-Attack Transonic Control Nonlinearities
So far we have been concerned with a transonic hinge-moment
prediction method for angles of attack to 20° and control deflec-
tions of +20°. 1In this section some high angle-of-attack transonic

control nonlinearities will be considered.

The nonlinearities to be investigated are control effective-
ness at high angles of attack as influenced by roll angle and the
effect of angle of attack on yaw control effectivness. These
results are based on data for the C6 fin in the canard position
on the Army generalized missile. We will use the synthesized
"wing-alone" curves for C6 figure 6(a) and 6(c).

To obtain the control interference factor, kw, we need to
know the fin normal-force coefficient at deflection 6§, CNFg, and
the corresponding quantity for 6§ = 0, (CNF)O. Corresponding to
these normal-force coefficients, we have equivalent angles of

attack aeq'é and a from the wing-alone curve. Then from

eq’'o
equation (2) we have

a a
Kk = eq,$ eq,o0 (8)

We have determined kw for the Ce fin for pitch control with

§ = 5°, 10°, and 15° for Mach numbers of 0.8 and 1.3. The results
for the C6
M, = 1.3 in figure 15(b). If the § = 0 and § #¥ 0 data were not
at the same angle of attack, the 8§ # 0 data were interpolated to

fin at M = 0.8 are shown in figure 15(a) and at

the correct angle before differencing.

The results in figure 15(a) for M_ = 0.8 show considerable
scatter, but the data exhibit a clearcut drop in fin effectiveness
between a, = 20° and a, = 50°. With regard to the scatter in the
data, this is due principally to the fact that the "wing-alone"
curve, figure 6(a), has a flat spot in the approximate range

17° < aeq < 26°. Consider now a fin at an equivalent angle of attack
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equal to 17° and then add 5° of control deflection. The fin now
operates on the flat spot and adds very little normal force at

a large increase in aeq’ resulting in a large kw. It is thus not
possible to obtain aeq accurately from CNF if S(CNF)/aaeq is small
or zero. If the derivative is anywhere negative, the aeq for

a given CNF can be triple valued. Accordingly trying to obtain L9
from a CNF correlation with a flat spot is not a well posed
problem. It is noted that the scatter decreased as § increases.

In this particular case, we do not have an experimental
wing-alone curve but have used a synthesized wing-alone curve
based on data for @ < 20°. However, the falling off of kw for
o, > 20° is a valid result. By using the slender-body value of
kw up to a_ = 20°, a good correlation has been obtained. If we

C

were to use a kw based on a mean curve faired through the data
for 20° < a, < 50°, a good correlation would be obtained for the

entire range.

The scatter of the kw data for M_ = 1.3, figure 15(b) is not
so great as for M_ = 0.8. The slender-body value of kw should pro-

vide a fair correlation curve for CNF for § = 5° and 10° nearly
to o= 50°. For § = 15°, the slender-body value of kw would

provide correlation to about 25°, but thereafter the data, which
exhibit the least scatter for any §, show a definite drop off to
about 0.7 at a, = 50°. This value at M, = 1.3 is to be compared
with a value of about 0.2 for M_=0.8 for all §'s. Thus, the loss
of control effectivess at high angle of attack shown at M_ = 0.8

is much reduced at M = 1.3.

The effect of roll angle on control interference factor kw
has been determined for ¢ = 45° for the upper and lower fins. 1In
this case, fins 2 and 4 were deflected 15° with fins 1 and 3 un-
delected. The calculated values of kw are shown in figure 16 for
M_=1.3. It is noted that the value of kw for the windward fin,
fin 4, is approximated in the mean by the slender-body value for
angles of attack from 0 to 50°. However, the leeward fin shows

fair agreement with slender-body theory up to about a_ = 20°,
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but falls off in effectiveness thereafter to nearly zero at

— [+
o, = 50°.

It is noted that these results in figures 15 and 16 are
included in reference 2, but the values of kw shown there are
quite different. This results from the facts that the wing-alone
curve is now different as well as the equivalent angle-of-attack

definition.

It is of interest to see how yaw control is affected by
angle of attack. As a preliminary introduction to this subject,
we have plotted the normal-force coefficients developed by fins 1
and 3 with 15° of yaw control in figure 17. The test conditions

correspond to ¢ = 0° and M, 0.8. The data were taken on a low-

angle sting from o, = 0° to o, = 24.5° and on a high-angle sting
from a, = 20° to a, = 50°. It is noted that the fin normal-force
coefficient does not change significantly between a, = 0° and

a_ = 20°. This result would be predicted by the equivalent angle

c

of attack concept since a does not depend ona for ¢ = + 90°.

The loss in CNF abovech:=e§0° shows that kw is decreased below
the slender-body value. What should be noted is the fact that
fins 1 and 3 do not have the same CNF atac:= 0 where they should
be equal. The data from the low-angle sting for fin 1 contains a
significant tare, a fact which should be noted for subsequent

discussion.

In figure 18(a), the values of the control interference
factor derived from the data of figure 17 are shown. 1In the range
0 <a, < 20°, the values of k. for the windward fin are in good
agreement with the slender-body values but the values for the
leeward fin are nearly twice as largw. This fact is associated
with the tares in the data for the leeward fin as well as the fact
it is operating on the flat spot of the wing-alone curve.
The correct conclusion is that both fins follow slender-body theory
well up to o, = 20°, but show a systematic decline in effectiveness
as the angle of attack increases. Similar data for M_ = 1.3 are
shown in figure 18(b). From a, = 0° to a, = 30°, the slender-body
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- value of k is a fair approximation to the data, but k  decreases

asacincreased above a, = 30°.

The loss of yaw control effectiveness above about o, = 20°
in figure 18 is also accompanied by nonlinear center-of-pressure
travel. The centers o5f pressure of fins 1 and 3 are shown in
figure 19 for the same conditions as figure 18. Neither fin -
N shows large changes in (X - x HL)/cr up to about 20° at either -
N Mach number, but there are generally large forward shifts in

center-of-pressure position above a, = 20°,

\
‘E 3.2 Control Cross-Coupling Effects to
P High Angles of Attack
;i Sufficient data are available to show the coupling between
the pitch and yaw control functions for the C6 fins mounted in

'; the canard position on the Army generalized missile. Pitch control

. is defined by the following set of control deflections
-
{. 6, =6, # 0; 6, = 63 =0 (9)

N and yaw control by

.
b~ 3.2.1 Effect of pitch control on yaw control
3 We look at the effects of pitch control on yaw control for :
; the leeward and windward fins for M_= 0.8 and 1.3 up to a, = 50°.
- Results for the leeward fin at M_ = 0.8 are shown in figure 20,

o where the normal-force coefficient, center-of-pressure position

‘ due to control deflection, and hinge-moment coefficient are shown

i with and without 15° of pitch control for 15° of yaw control at
i $ = 0. The changes in CNF and (iG-xHL)/cr shown in figures 20(a) .
E and 20(b) are not negligible, but their combined effects on hinge- =
‘.

2 moment coefficient, shown in figure 20(c) are not large. .
. hnd
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Results for the windward fin are given in figure 21 cor-

responding to those for the leeward fin in figure 20. Again,

the effects on CHM are small. The effects of pitch control on
CNF and x
M = 0.8.

0

5 for the yaw fins are much less at M = 1.3 than at

Before examining the results for M_ = 1.3 in figures 22
and 23, let us consider the zone of influence of one fin on another
for the supersonic speeds. To arrive at a neighboring fin in
cruciform arrangement, a pressure impulse from the leading edge
of the root chord of one fin must travel a lateral distance %u
around the body surface along the Mach line. The downstream

distance traveled in this time is
x = Zaym % -1 (11)

For dimensions of the C6 fin on the 2 - generalized missile,

we have:

a = 2.5
c, = 4.0
x = 3.26
M =1.3

Since the root chord is only 4.0 inches, only the last 0.76 inches
of the root chord are subject to interference from the neighboring
fins. Thus at M_ = 1.3 the fin-fin interference near a, = 0
should be greatly reduced. At angle of attack, the local Mach
numbers betwen fins are not exactly 1.3 and the area of influence
of one fin on another can change. Also, the effect of a fin may

propagate forward through the boundary layer.

The results for the leeward fin at M_ = 1.3 are given in
figure 22 for comparison with similar results for M_ = 0.8 in
figure 20. The effects of pitch control on the yaw-control normal

force and center of pressure are definitely less for M_ = 1.3
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compared to those for M_ = 0.8. The effects of pitch control on
the hinge-moment coefficient of the leeward fin are quite small.

To study the effects of Mach number on the cross-coupling
effects on the windward fin, we compare figures 21 and 23. The
magnitude of the effects on normal force and center-of-pressure
position are about the same at both Mach numbers. What is of
interest is that the effects are very small at both Mach numbers
for o, < 20°. The effect on the hinge-moment coefficient is
small.

In order to put the foregoing information into perspective
the following listing summarizes the approximate changes in the
vertical fin coefficients due to pitch control.

M_=0.8 M_ = 1.3
Leeward fin:
CNF: 20% 6%
xs/cr: 0.06 0.005
CHM: small small
Windward fin:
CNF: 5% - 6% 6%
xs/cr: 0.007 0.02
CHM: small Low a: significant

High o: small

The above changes are indicative of the size of the effects, but
are not to be taken as quantitatively precise since they contain
experimental error. The important results are that the leeward
fin at M_ = 0.8 exhibits significant effects of fin-fin inter-

ference on CNF and x but they are apparently compensating on

6'
hinge moments for the case in question. This is probably not a
general result. The effects of pitch control on hinge-moment

coefficient are small in all cases except for the windward fin

at M_ = 1.3 at angle of attack up to 20° (figure 23(c)). At

M = 1.3, the effects exhibited by the leeward fin are much less
38
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than those exhibited at M_ = 0.8 probably as a result of the rule

of forbidden signals.

3.2.2 Effects of yaw control on pitch control

We have seen that the application of pitch control had
generally small effects on the hinge moments of the yaw panels
even at high angles of attack at M_ = 0.8 and 1.3. We now examine
the effects of yaw control on the aerodynamic characteristics

of the pitch panels.

Figure 24 exhibits how 15° of yaw control changes the normal
force, center of pressure, and hinge moments of the left horizontal
fin with 15° of pitch control at M_ = 0.8. Positive yaw control,
trailing edge to the right, puts negative pressure on the left
side of the missile. At high angles of attack, the negative
pressure change under fin 2 is greater than that above it so that
yaw control caused a reduction in the normal force acting on the
fin as shown in figure 24(a). A reduction in fin normal force
causes a slight forward movement in center of pressure at high o
in accordance with the results of figure 24(b). However, the
effect on the hinge moments of fin 2 are small as shown in

figure 24(c).

Figure 25 shows the same results for the right fin that
figure 24 shows for the left fin. Generally the small changes
in fin normal force and center-of-pressure position are opposite
to those for the left fin, but the resulting changes in hinge-

moment coefficient are small.

In figure 26 are shown the effects of yaw control on the hinge
moments of the horizontal fins at M_ = 1.3 with 15° of pitch con-
trol. Neither the left nor right panels show any significant

effect of the yaw control on their hinge moments.

Let us now summarize the effects of yaw contro} on the
aerodynamic characteristics of the horizontal pitch tins.
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oo 0
~ Left fin: .
e CNF: 10% |
Y Xg/Cpt 0.003

CHM: small small i

Right fin:

o CNF: 8% 1
Xg/Cp 0.004
.t‘ CHM: small small 1
E{ Clearly the hinge moments of the horizontal panels are not I
?i significantly influenced by yaw control. 1
. ‘
. 4. SOME RESULTS OF THE TRISERVICE DATA BASE 1
b
o~ 4.1 Introductory Remarks
‘:E Under an ONR contract, N00014-80-C-0700, jointly funded by
X the Army, Navy, and Air Force, a systematic data base is being I
e compiled on the control effectivess and hinge mcments of all-
i} movable control surfaces through the range of Mach numbers up to
_is high angles of attack. The range of parameters is as follows: l
- M : 0.6 - 4.5
r: a ¢ 0 - 20°, transonic
3; 0 - 45°, supersonic
-'3 § : + 40°
® R : 1-4
;E A 0-1
o ¢ : 0 - 180°
f; The aspect ratio and taper ratio ranges of the fins in the
3: data base are given in the following matrix.
o Taper ratio
f&: 0 0.5 1.0
X 2 1 X
s :
.;f:: ‘%,': 2 X X X
fé 2 4 X
e <
Q: 40
ot £ i e e
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When completed, this data base will be adequate to perform purely

empirical predictions of fin normal force, hinge moment, and

bending moment over the range of parameters.

Two points are noteworthly in the data base. First, all
fins have the same 6.3 percent double-wedge airfoil section in
the streamwise direction. This fact permits interpolation between
fins since changes in airfoil section are known to have signifi-
cant effects on fin aerodynamic properties at transonic speed.
A second point is that the usual method of making individual
pitch control, yaw control, and roll control tests has not been
used. Instead, only one fin has been deflected during the control
tests, and the reaction on all four fins have been measured. 1In
this way, any combination of fin deflections can be predicted
accounting for fin-fin interference by linear superposition.
Since fin-fin interference is a quantity of lower order than the
primary quantities generated by a control on itself, linear super-
position should yield sufficiently accurate results.

4.2 Sign Conventions and Symmetry Relationships

Certain conventions with respect to roll angle, fin deflec-
tion and fin normal-force coefficient are used in the triservice
data base, and these conventions will be adhered to in the fol-
lowing sections. They differ from those previously used in the
Army generalized missile tests.

The first convention refers to the fin numbering system. The
fins are numbered in a clockwise fashion starting with fin 1 at
the top vertical position in the zero roll position. Positive
roll angle of the missile is in the clockwise direction.

It is our purpose to correlate the data for an R = 2,
A = 0 control fin using the equivalent angle-of-attack concept
for the range of a. of 0 - 20° and § of + 20°. The same correla-

tions will be used as for the C, fin of the Army generlized

6
missile. If the correlations are successful, we hope to be able

to reduce the calculations of hinge-moment coefficient to a hand
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calculation based on experimental correlation curves. Also,

the amount of data necessary to obtain the correlation curves

is far less than that needed to obtain a complete data base over
the test range of variables. After describing the sign conven-
tions used in the triservice data base, we will consider the
fin-fin interference factors.

The fin numbering system and positive fin normal-force direct-

tions for ¢ = 0 are pictured as follows:

®

CNFl —-——f—o $ =0

CNF2

CNF4

——t—> CNF3

Positive control deflection is one which causes a counterclockwise
rolling moment. The direction of the trailing-edge movement for

positive deflection looking forward is as follows:
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In general, we have the following signs of the increment in
fin normal force, CNF, due to a positive deflection of fin 4
CNFl, CNF2, CNF3: negative
CNF4: positive
This follows then the fact that the swirl induced by fin 4 pro-
duces fin reactions which tend to reduce the swirl or rolling
moment due tc fin 4. While this relationship is a fairly general
one, it is not without exceptions. Near fin stall an induced
angle of attack by fin 4 might result in a normal-force increment

of the opposite sign from that expected.

At ¢ = 90 the direction of the normal forces induced by a
positive deflection of fin 4 are as follows:
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If the deflection of fin 4 were reversed, it would be expected
from symmetry that the direction of the normal forces on fins

1, 2, and 3 would reverse and that the magnitudes would remain
unchanged. The following symmetry conditions follow from those

considerations

CNF1(§) = -CNF3(-¢§) ¢ = +90°
CNF2 (+6) -CNF4 (-§) 8
Those relationships hold also for ~90°. They are useful for

62 or 64
checking the repeatability of the data.

4.3 Extraction of Aij from the Data

Consider that fin j is deflected by Gj and that it induces
a change in equivalent angle of attack of fin i of (Aaeq)i by
fin-fin interference. The factor Aij is defined by the

relationship
= i
A'j — (13)

Thus, Aij is a basic fin-fin interference factor for induced
angle of attack. To determine Aij we measure (CNF)i for
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51 =0, Gj = 0 and Gi = 0, Gj # 0 and use an equivalent angle of

attack (CNF)i correlation to get (Aqeq)i between the two conditions.

We can then substitute into equation (13) to obtain Aij' This pro-
cedure is adequate for obtaining Ajj since the changes in (Aaeq)j
due to §. are large. However, it is inaccurate for Aij since

the chanyges in normal-force coefficient in fin i are small, and
it is difficult by hand to obtain the corresponding changes in
(Aaeq)- accurately from an equivalent angle of attack correlation

i
of CNFi versus (aeq)~‘ A better procedure is based on the use of

the measured change in CNFi and the slope of the correlation curve,

3(CNF)i/3(Ge ) . The value of Ai.

q; 3 is then given by

eq’ . (ACNF) . 3 (CNF) .
by = 75 s (14)
j j eq

i

In this procedure the basic normal-force measurements are used
to obtain A(CNF)i. An equivalent angle-of-attack curve was
constructed from the ¢ = 0 data using slender-body values of Kw
and kw (or A44), and the slopes obtained. Basically we are
linearizing the (CNF)i versus (aeq). relationship around a point
since the A(CNF)i changes are small%

4.4 Behavior at Aij at M_ = 1.2

The values of Aij have been determihed for the R = 2,
A =90 fin, fin51, of the triservice data base at M_= 0.8 and
1.2 using the above methods. The values of Al4' A24, A34, and
A44 have been determined for ac = 0°, 10°, and 20° for ¢2 = 90°,
40°, 0°, -40°, and ~90° for M_ = 1.2. We first examine the¢ results

for a, = 0° and M, = 1.2 in figure 27.

Examining first figure 27(a) for P4, we note that A14 does
not depend on ¢ within the accuracy of the data, but it depends
on the sign of §. For § positive, that is trailing edge up,
there is positive pressure on the upper side of fin 4 and nega-
tive pressure on the lower. The zone of influence of fin 4 thus
depends on the sign of 64. For positive pressure in the region
between fin 4 and fin 1, the value of "4 is greater than when the
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pressure is negative. The slender-body theory gives a value of

Ay4 independent of §, and is thus only a rough approximation of A14
It should be noted at this point that ¢2 is the roll orientation
parameter for the complete missile. Positive 2 places fin 4

on the leeward side of the missile and negative ¢2 places fin 4

on the windward side of the missile.

The value of A24 in figure 27(b) is extremely small and is
negligible. If fins 1 and 3 were not present, fin 2 would be
out of the zone of influence of fin 4 for M= 1.2. However, some
very small influence is transmitted through fins 1 and 3. The
values of A34 are related to those of Al4 by the reciprocal
relationship of equation (12). The lines shown on figure 27 (a)
and 27 (c) express this reciprocal relationship which is valid
within the accuracy of the data. The values of A44 shown in
figure 27(d) should all be the same for a given 64 independent
of ¢. They should also follow the reciprocal relationship of
equation (12) for ¢ = 90° and -90°. The scatter is due to accuracy
of the data. It is clear that the slender-body values of A44 or

kw are good average values for this quantity.

We now examine the values of A14’ A24, A34, and A44 at
ac = 10° and M, = 1.2 as shown in figure 28. The values of Aij
now depend on roll angle. The peak values of A14 andA34 have
now gone up to about 0.16 from 0.1 at a, = 0°; that is, the
fin-fin interference between neighboring fins has increased
60%. The values of A24 are still negligible. The values of 134
show the same general reciprocal relationship to those of A14
The peak values of A44 are slightly higher at o, = 10° than
at a. = 0°.

Values of Al4' A34, and A44 for a, = 20° and M, = 1.2 are
shown in figure 29. The peak values of A14’ and A34 are still
higher for a, = 20° thanc%:= 10° indicating higher fin-fin inter-
ferences. The results for A24 are not shown since they are still
negligible. The values of A44 for a, = 20° are comparable to

those for 1, = 10°.
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Values of Aij have been calculated at M°° = 0.8 for a. = 0°

and a, = 10° in the same manner as for M_= 1.2 with only one
small change. Since only fin 4 was deflected, A44 rather than

kw was used in determining the CNF versus “eq correlation. The
calculated results for o, = 0° are shown in figure 30. The values
of A4 shown in figure 30(a) depend on deflection angle S 4 to a
lesser extent than those for M_ = 1.2, figure 28(a), and are gen-
erally less than the value given by slender-body theory. The
values of A24 in figure 30(b) are negligible. The values of A3y
in figure 30(c) do not obey the reciprocal relationship

so well as the results for Mm = 1.2 for reasons which are not

known. The slender-body value of A is a good approximation to

34
the data. The values of A44 in figure 30(d) should not depend
on ¢ forac== 0°. The scatter of the data about the slender-body

value is small enough that the value can be used for engineering

purposes.

The Aij results for a, = 10° at M_ = 0.8 are shown in
figure 31. One point worthy of note is that some values
of A44 are quite low for a - 20° deflection (trailing edge down).
The correlation curve of CNF versus aeq for various § shows a
pronounced flattening at high aeq which can account for the low

values of A44 for a fin operating in this region.

4.5 Repeatability of Data, Reynolds Number Effects

Data have been taken at ¢ = 0 for all four fins so that a
comparison of fins 2 and 4 yields an idea of the repeatability
of the data. Also, data were taken by changing a, sequentially
for fixed ¢(ac sweeps) or by changing roll angle sequentially for
fixed Gc (roll sweeps). Repeatability can be affected by zero
shift of the force measuring gauges, least count of the instru-
ments, geometric differences between left and right fins, tunnel

streamangle effects, and many other sources.
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The effect of Reynolds number and of left-right symmetry on

fin normal-force coefficient, CNF, are shown in figure 32 for
M_ = 0.8, 0.9, and 1.2. The effect of left-right symmetry only is ﬁ
shown for M, = 0.9. At M = 0.8 anda,> 15°, there is a definite -
difference between the left and right fins. At M_ = 0.9 the

difference is not significant. At M_ = 1.2 not only is there a

difference between left and right fins, but there is a signifi-
cant Reynolds number effect. The earlier stall of the a-sweep
data causes a normal-force decrement of 0.1 to 0.15 at the highest

angle of attack when compared with the ¢-sweep data.

Comparisons are made in figure 33 for fin hinge-moment
coefficient comparable to those for CNF in figure 32. At high
angles of attack there are significant differences in CHM due to
left versusright asymmetry and due to Reynolds number. Changes in
CHM of the order 0.005 are due to left-right asymmetry and of
0.01 due to Reynolds number. At M_ = 0.9 the left-right symmetry

effect is small.

Figure 34 shows the effects of left-right symmetry and
Reynolds number on the center-of-pressure position due to angle
of attack, (i/cr)a. At M_ = 0.8 and 0.9 no significant differences
arise except near o, = 0° where both numerator and denominator
are approaching zero in the ratio CHM/CNF. At M_ = 1.2 errors
in (i/cr)a of about 0.0l occur at high angles of attack due to

Reynolds number effects.

In the following correlations the ¢-sweep data will be
utilized because of their higher Reynolds numbers. In addition,
the earlier stall of the a,-sweep data makes correlations at

values of angle of attack near 20° more difficult.

4.6 Correlation Curves and Prediction Method for No Fin
Deflections; Windward Side (Case A)
The basic quantities needed in the hinge-moment prediction
method are CNF, (i/cr)“, and (§/cr) . When vortex effects are
important, we need also (Aaeq)v and (§/cr)v. The basic formulas

are
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CNF = (CNF) + (CNF)6 + (CNF) (16)
\'4
x x X
i (CNF)G<E-;> + (CNF) <é—-> + (CNF), <c—>
X _ a /s A (17)
C. CNF
X -
HL _ x
CHM = CNF | — - = (18)
cr cr

The quantities (CNF)a and (CNF)G will be obtained from the CNF

versus aeq correlation curves. Separate correlation curves of

(§/cr)a and (i/cr) will be made. (CNF) is obtained from

(Ao
eq -

reverse-flow theorems. The quantity (x/cr)V obtained using a

)v’ which is obtained in turn from a vortex theory using

simplified model of the vortex loading distribution is inaccuate
and will be obtained by a supersonic missile code, NWCDM, as
will subsequently be described.

The correlations are considered in the following order.

CASE FINS ¢, 54
A Windward 0(20°)~80° 0
B Leeward 0(20°)+80° 0
C Windward 0(20°)~80° -20°(10°) 20°
D Leeward 0(20°)+80° -20°(10°) 20°

For cases A and B fin deflection is not considered.

The dif-

ferences between the windward and leeward fin results are

primarily due to strong body vortex effects.

Let us now consider the CNF versus aeq correlation for

Case A. The form of equation (6) used to obtain a for

eq
§, = 6

1 2 = 63 = 0 is
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4 .
: " . sin ¢ cos ¢ + (Aaeq)v (19) <

In this equation all angles are in degrees. It will be

? applied to fin 4 for the most part, and the value of ¢ to use .
% in that value of ¢2 for which fin 2 occupies the position of fin 4. :
\' The value of radius-semispan ratio, a/sm, for the triservice )
? missile with fin 51 is 0.5. For this value of a/sm, slender- E
i body theory gives the following quagtities for use in equation (19): ’
Y. K, = 1.45, A44 = 0.905, K¢ = 0.471. The only remaining quantity v
: needed in equation (19) is (Aaeq)v' This quantity has been

P2 evaluated for the present case using MISSILE2, reference 10. For

f illustrative purposes, the values of (Aaeqh, are plotted versus

body angle of attack, ac,in figure 35 with ¢2 as parameter. The

Y figure shows results for M_ = 0.8 and 1.2 and for leeward and

ﬁ windward roll positions. It is noted that the effect of the

. vortices is much greater on the leeward side than the windward y
.: side, and that the effect of Mach number is small. These curves

A have been used in constructing the following correlation curves. -
; For Case A, correlation curves of CNF2 versus aeq have -
§ been constructed for ¢2= 0, 20°, 40°, 60°, and 80° for Mach }
i numbers of 0.8 and 1.2 and are given in figure 36. It is noted

= that the effects of roll angle are well correlated by the equiva-

5 lent angle-of-attack concept for M_ = 0.8 over the entire roll

f angle range and for M_ = 1.2 for all roll angles but ¢2 = 80°. :
¢ This latter effect is subsequently explained. .
3 Correlation curves of (§/cr)a to go along with the CNF

g versus aeq correlation curves of figure 36 are given in figure 37.

- At M_ = 0.8 the values of (i/cr)Ol correlate within about +0.005

’ except for ¢2= 80° when the maximum error is about 0.012. These

-,

% — 5
" See "Missile Aerodynamics" by Jack N. Nielsen 3
2,
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tolerances are close to +0.01 limits we consider desirable for

accurate hinge-moment prediction. (In some subsequent cases
we will have to settle for +0.02.) The value for ¢ = 80° are
probably not affected by stream angle.

For M_ = 1.2 the correlation of (i/cr)a is still within
acceptable limits for ¢,=0 to 60°. Again the results for
¢2= 80° are suspect. Values given for aeq = =2° illustrate the
usual problem of obtaining accurate center-of-pressure positions

as the fin normal force goes to zero.

Turning now to special considerations of the ¢2==80° data,
we note that the following quantities yield repeat data of the
CNF measurements if left-right symmetry is assumed.

CNF2, ¢2 g8o°
CNF4, ¢2 -80°
CNF3, ¢2 = 10°
CNF3, ¢, = -10°

These quantities are plotted with appropriate changes in sign to
facilitate comparison in figure 38 for M = 0.8 and 1.2. When
the fin is in the fourth quadrant, CNF2 (80°) and CNF3(-10°)
represent repeat data; when the fin is in the third gradrant,
CNF4(-80°) and CNF3(10°) should be equal. It is noted that the
fourth quadrant quantities are in good agreement and the third

quadrant quantities are in good agreement, but they are not in

good agreement with each other. 1In an attempt to explain the
anomolous ¢2==80° results in figure 36, the equivalent angle of
attack was corrected for sidewash. The ¢2 = 0 values of CNF3

were converted to sidewash angle through use of acup/aaeq obtained
from figure 36. Sidewash angles greater than one degree were cal-
culated as a function of angle of attack. Correcting aeq for these
sidewash angles resulted in the CNF versus aeq curves shown in
figure 39. One set of data for quadrant four and one set for
quadrant three were corrected. The arrows on some of the data

points on figure 39(a) indicate the direction and magnitude of
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the corrections to aeq due to sidewash. What is important is that

}

the data for the third and fourth gquadrants is brought into agree-

1

ment by the sidewash corrections. However, the results lie about S
50 percent above the correlation curve for ¢2 = 20°, 40°, and 60°.
Thus a real departure from correlation exists for ¢2 = 80°.

An explanation for this behavior is suggested by figure 39(b) -
for M, = 1.2. Here again the third and fourth quadrant corrected =
results form a fair correlation curve wltich lies about that for -
¢2 = 20°, 40°, 60°. It is suspected that the discrepancy is
not a viscous effect because of the thin boundary layer near

AL

the windward meridian. An inviscid supersonic missile code,
NWCDM, reference 11, was used to predict the fin loading, and
the results are shown on figure 39(b). It is seen that most of

'l’ v
(R
~B '

the difference between the two correlation curves is due to
invisicid causes. At the higher angles of attack some of the dif- o
ferences may be due to nonlinear inviscid effects not accounted -f
for in code NWCDM. For this case calculated normal forces due to .
leading edge suction by the Polhamus method (ref. 12) were negligible.

It is presumed that the differences between the two corre-
lation curves in figure 39(a) for M = 0.8 are also due to inviscid o
causes. It is not possible to verify this point at M_ = 0.8
because of the lack of a code similar to NWCDM for M_ < 1.0. :§

It is not clear whether inviscid effects explain the results
for ¢, = 80° in figure 37(b). While code NWCDM yields a constant o

¢ center-of-pressure position of (§/cr) equal to 0.663, in good
a
agreement with the data, any fin thickness effects have not been

accounted for in the theoretical results.

For Case A we can thus say that the correlation curves will

v
R YL

4 give good predictions of the quantities needed to predict hinge
& moments except for ¢, = 80° at high angle of attack. Code NWCDM
- will improve the ¢, = 80° predictions for M = 1.2.

s

L)

N
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4,7 Correlation Curves and Prediction Method for No Fin
Deflection; Leeward Side (Case B)

Correlation of the data .or the leeward fin is fundamentally
a more difficult problem than for the windward side because of
the complicating effect of the body vortices and separated flow.
It might be thought that the hinge-moment coefficients on the
leeward side are less than those on the windward side since the
fin forces are generally less but this is not necessarily so.
For the present fin T51 mounted on the triservice missile with
the hinge line at (x/cr)H = 0.611, the maximum hinge moments
of fin 4 including fin de%lection are shown versus ¢, in figure 40
for M_=0.8 and 1.2. These maximum hinge moments are the maximum
measured values obtained from a tabulation of CHM4 against the
test angle of attack. The figures exhibit the result that at
M°° = 0.8 the maximum values of CHM can occur at ¢2 = 60° or 80°
with fin 4 near a body vortex. At M_ = 1.2 the maximum values
of CHM fall near ¢2 = 20° and 40° for negative 64 and don't
depend much on ¢2 for positive 64. These results demonstrate the
importance of hinge-moment predictions for Case B and Case D.

Significant difference in the values of aeq for the windward
and leeward side stem from the fact that the K¢ term is negative
for the leeward side and positive for the windward side and has a
maximum magnitude of about 4°. Another difference of even greater
importance is that while the maximum magnitude of (Aaeq)v shown
in figure 35 for the windward side, 0 < ¢2 < 90°, ranges up to
3° to 4°, its maximum magnitude for ¢2 = =-60° ranges up to about
15° on the leeward side. The correlation of CNF versus aeq for
the leeward side is thus a test of the vortex model used to

obtain (Aaeq)v.

A short discussion of how (Aaeq)v is determined is now given.
A fin at any roll position is subject to a vortex-induced flow
normal to its chord plane which can be calculated with the vortex
model. This model consists of a symmetrical external vortex pair

the strength and position of which are based on experimental data
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plus an image vortex pair in the body. The induced flow normal J
to the fin chord plane is then calculated by the Biot-Savart law

and assumed not to vary along the local fin chord. The average ;
angle of attack of the fin due to the body vortices is obtained
by averaging the induced angles normal to the fin along the fin
span with certain weighting factors. According to linear theory
the appropriate weighting factor is the span loading of the fin i
of the cruciform wing-body combination in reverse flow. 1In
practice we use the span loading based on slender-body theory, >
but nondimensionalize the results in a way so that only the

shape of the span loading is relevant. A modification of this 3
procedure yielded the lateral center of pressure of the vortex -

loading (§v--a)/(sm - a). It does not yield the axial position
of the center of pressure due to vortex loading which is needed
in calculating hinge moment.

Turning now to the correlation curves for CNF versus aeq'
we present the correlations for M, = 0.8 and 1.2 in figure 41.

For both Mach numbers, it is noted that the values of CNF corre-
late quite well except for ¢2 = 80° at the lower equivalent angle
of attack (highest ac). It is noted that the ¢2 = 60° data cor-
relate well, being generally less than 1° of aeq from the faired
mean curve. Since (Aa_ ). for ¢2 = 60° is as large as 15°, this

eq’'v

means that the vortex theory predicts (Aaeq)V within about

+6 percent. For ¢2 = 80° a larger error in predicting (Aaeq)v

would be needed to explain deviations.

The question arises whether sidewash existing at ¢2 = -90°
-80° which do not correlate.

may explain the data points for ¢2

This matter was investiagted at M 1.2 using the same sidewash
correction procedure as for figure 39. The results are presented
in figure 42 where the corrected data are shown in figure 42(a)
and the uncorrected data in figure 42(b). The corrected data in
figure 42(a) do not correlate any better than the uncorrected
data in figure 42(b). Thus, the sidewash correction technique

that worked in Case A is unsuccessful in Case B. The suspected



!

T

-

reason is that the superposition procedure works for the un-

separated flow of Case A (windward side) but not for the separated
flow of Case B (leeward side). Since vortex effects are present
in all the data for this case, we cannot use Code NWCDM to see if
the equivalent angle-of-attack concept properly explains the

inviscid effects near the leeward meridian.

Before the center-of-pressure correlation, we will present
an analysis of the center-of-pressure results along special lines.
Large effects of the body vortices on the center-of-pressure
positions are to be anticipated. 1In figure 43 the measured values
of the center-of-pressure position of fin 4 are plotted versus
Ceq: At both Mach numbers a strong tendency is exhibited for
(x/cr)a to move rearward as the fin position becomes more leeward.
Also for ¢, = 60° and 80° the values of “eq tend to reduce after
a certain angle of attack is reached. The a, = 10° line on the
curves demonstrate that for ¢2 > -40° this rearward movement starts
for a, < 10°. We will now see if the present model for the effect
of body vortices explains the rearward movement.

The primary assumption (reference 1) in determining the effect
of body vortices on (§/cr)a is that the center of pressure of the
fin without vortex effect and the center of pressure of the vortex
loading both lie on a straight lifting line, and that this line
is a constant percent-chord line. The center-of-pressure data
yield the location of the constant percent-chord line. The vortex
theory previously described yields the lateral center of pressure
due to the vortex loading, §v. This value in turn determines the
point on the lifting line of the vortex center of pressure, (>—</cr)v
and hence a value of (f/cr)v. For a sweptback lifting linf, as in
the present case, if y due to the vortex is greater than y as
measured, the download due to the vortex tends to push (§/cr) for
the fin forward. The lateral center-of-pressure position for the
vortex loading as calculated is sometimes inboard and sometimes
outboard of the lateral center-of-pressure position as measured.

It will be shown that the center of pressure of the vortex loading
does not usually lie on the lifting line in the present case.
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The problem will now be examined from another point of view
to gain further insight. If CHM is plotted versus CNF, lines
of constant slope through the origin will be lines of constant
(i/cr) for a given hinge-line location. Such a plot is presented
in figure 44 for M, = 0.8 and ¢2 = 60°. Similar behavior is
evidenced for ¢, = 80° at M, = 0.8 and for ¢2 = 60° and 80° at
M, = 1.2. Note that the center of pressure has moved back a
significant distance for e, < 8°, a region of no free vortices
from the body. As the angle of attack increases, the center of
pressures move back to «#, and a large pitching moment exists at
CNF = 0. This couple is the result of a potential normal force
at one point and an equal and opposite vortex force acting at
another point so that a pure couple is developed. There also
remains the possibility of some additional forces and moments
due to unknown causes. In order to see if the phenomenon exhibited
by figure 44 can be explained by a potential flow plus concen-
trated body vortices, a special study was made as follows.

At M_ = 1.2 it is possible to compute the fin loading as
a function of oL and roll angle using program NWCDM, reference 1ll.
This program can compute loads and center-of-pressure locations
due to potential flow and to the body vortices separately. Calcu-
lations were made for fin 2 located on the leeward side at
¢2 = -20°, -40°, -60°, and -80° for M_ = 1.2 with all fins unde-
flected for an angle-of-attack range up to 20°. The calculated
centers of pressure due to the vortex loading are tabulated in
Table 1. No fin thickness was included in the calculations.

Table I illustrates some points which are noteworthly. It
considers first body vortices only and secondly, the combined
effect of body vortices and fin leading-edge vortices which
develop normal force in accordance with the hypothesis of
Polhamus, reference 12. With the effect of body vortices only,
(;(/cr)v is far in front of the hinge line (xy,; = 0.611 c ) for
fin positions near the vortex, ¢2 = -60° and -80°. Proximity of
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- the vortex to the fin also causes the lateral center of pressure

l to move inboard.

In accordance with the Polhamus analogy, leading-edge suction
: can be converted to vortex lift. Code NWCDM can include this
- effect and determine the center-of-pressure position due to the
) leading-edge vortices. Part B of the table compares the center-

P

- of-pressure locations for two cases: ¢2 = -20° and ¢2 = -60°.

The leading-edge vortex effect (Polhamus effect) is greater at

¢, = -20° than at ¢2 = -60° since the fin upwash angles are greater.
However, while the Polhamus effect causes a significant effect on
normal force at ¢2 = =20°, it has negligible effect on hinge-moment
coefficient as will be shown. When the effect on (x/cr) of the

X body vortices is a maximum near ¢2 = -60° (and hence on CHM2), the
& effect of the leading-edge vortices is small. This follows

because of the small upwash angles for ¢2 = =-60°. Thus the effects
of loading associated with leading-edge vortices on hinge moments
is negligible for both cases for the present fin.

.. The fin planform is shown in figure 45 together with the
center of pressure due to body vortex loading for ¢2 = -60°
and -80°. Note the lifting line, a line of constant percent chord
through the fin center-of-pressure position as measured. Also
’! the hinge line at 0.611 Cy is shown. For low angles of attack

the centers of pressure are well in front of the hinge line, by

catal

as much as 0.2 C.- As the angle of attack increases the centers
of pressure move backward across the hinge line. The magnitude

oy of the vortex loading increases as angle of attack increases and
' the lever arm becomes smaller so that a maxiumum hinge moment due
to body vortex loading can be expected at some intermediate angle

AR of attack. In fact, this effect dominates the total hinge moment
for fins under strong body vortex influence. It is clear that the
assumption that the center of pressure of the body vortex loading
lies on the lifting line is not a valid one at ¢2 # 0. Values of
(x/c_) can be easily calculated with NWCDM for M, = 1.05 and

v
greater.
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:ﬁf For M_ < 1.0 we have no similar code for doing the calculations 1

for cruciform wing-body combinations.

3

G Code NWCDM has been used tocalculate CNF4 and CHM4 for ¢, = 60° l
at M, = 1.2 and the results are shown in figure 46. The principal
AN nonlinearities are predicted by the code. The break in slope of

e

the normal-force curve at a.= 8° is due to the onset of body

Su vortex separation. The peaking of the hinge-moment curve at !
Yol o, = 10° is predicted by the code. Note that the leading-edge

'ﬁz normal-force effects on CNF and CHM are negligible. At the higher

e angles of attack, the predictions are not as good. A shift of

i; 2 to 3 percent in the center-of-pressure position of the potential

{;i normal force would explain the difference. This shift may be

£ due to neglecting fin thickness. The quantities calculated by

~ code NWCDM are summarized in Table II. The total normal force and
- hinge moment consist of a part due to potential flow and a part
due to body vortices. It is clear that in the region of maximum
- hinge moment and minimum fin normal force the body vecrtices

N dominate.

%j A hand calculation for the same case, ¢, = -60°, as shown
Qﬁ in figure 46, has been attempted, and the results are shown in

:i figure 47. It is noted that at the higher angles of attack the
4 normal-force coefficient is predicted better than by code NWCDM,
Ek but the hinge-moment coefficient is not predicted so well at high

angles of attack. The hand calculations are summarized in
Table III. The normal-force calculation follows the usual pro-
cedure using the Case B correlation curve for CNF versgs aeq'
figure 41(b), M, = 1.2. Since we have no correlated x/cr data
for Case B, it was assumed that (x/cr)a correlation for Case A
is valid for Case B. This procedure assumes that the effect of

roll angle on (i/cr) is negligible and the Case A results are
a

free of body vortex effects. The values of ().c/cr)V were taken
from the results of code NWCDM as input to the method. The calcu-
lated results are only slightly inferior to those of code NWCDM.




Code NWCDM was also used to predict CNF and CHM at ¢2 = =20°,

and the results are shown in figure 48. With respect to the CNF
predications in figure 48(a), a substantial contribution of the
Polhamus normal force to the total is seen at the higher angles
of attack. With respect to CHM, good prediction is shown in
figure 48(b) up to Gc = 20°. Note that leading-edge normal force
has very little contribution to CHM. This follows from the fact
that this component of normal force has a small lever arm about
the hinge line. For other planforms this may not be the case.

The difference in fin center-of-pressure location with or without
leading-edge normal force is less than 0.01 c, as shown in figure
48 (c) .

The code NWCDM calculations on which figure 48 is based are
summarized in Table IV. The parts of CNF and CHM included a
potential part, a body-vortex part and a leading-edge vortex
part. The contributions of all three parts are significant for
CNF, but the contribution of the leading-edge vortices to CHM
is negligible.

A hand calculation was attempted to obtain CNF and CHM for
¢2 = -20°, and the results are tabulated in Table V and shown in
figure 49. The normal CNF versus aeq correlation was used to pre-
dict CNF with good success. It is noted that the measured CNF
values in the correlation curve include leading-edge vortex normal
force. 1In predicting CHM, values of (i/cr)a for ¢2 = 0 were used
on the assumption these would be free of body vortex interference.
The prediction is accurate only to about a, = 10°. Above a, = 10°
it is suspected that the lever arms for (CNF)p are too small by
comparison with those given by code NWCDM in Table 1V.

In summary, code NWCDM does a good job of predicting CHM
near the vortex (¢2 = =-60°), but for high a, is only fair. The
hand method is only slightly inferior to NWCDM. For ¢2 = =20°
code NWCDM does a good job of predicting CHM, but the hand method
is accurate only to a, = 10°.
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4.8 Correlation Curves and Prediction Method for Fin
Deflection; Windward Side (Case C)

For Case C we are interested in the hinge-moment contributions
due to 5, which are additive to those for §4 = 0. The two guantities
of interest are (CNF)6 and (x/cr)s. These quantities have been
extracted from the data assuming that the § = 0 and § # 0 results
are additive. We have correlated CNF4 versus %aq for §, = +10°,
and + 20° for ¢2 = -20°, -40°, -60°, and -80°. A separate
correlation curve for each ¢, has been made. Since ¢, = 0 con-
stitutes an important case, a special CNF versus aeq curze has
been constructed for this case. Correlation curves of (x/cr)‘5
versus o, rather than aeq have been constructed since correlation
is obtained in this fashion. We discuss first the M_ = 0.8 results
in their entirety.

Consider now the CNF versus o correlation curves for

-10°, -20°, 10°, and 20°. For
64 = -10° and -20° the fins are highly loaded as shown in figure
50(c) and 50(d). A definite stall occurs in both cases starting

at about aeq = 24°. Positive deflection angles, 54 = 10° and

20°, tend to unload the fins and no stall is indicated. For

these deflection angles at ¢2 = -80° with fin 4 near the windward

meridian, the correlation of CNF4 for high ., falls above the

nQ

M

[+

0.8 shown in figure 50 for 64

curve. This phenomenon is also shown for 64 = 10° at M_ = 1.2 in
figure 54(a). For Case A it is exhibited for M_ = 1.2 (but not
for M, = 0.8) where it was found to be an inviscid effect pre-
dicted by code NWCDM.

For ¢ = 0° a correlation curve was made for 64 = 0, +10°,
and +20° as shown in figure 51. Very good correlation was
obtained including the stall region starting near aeq = 30°.

Considering now center-of-pressure location due to control
deflection, (§/cr)6, the values of this parameter turn out to
be a function of ac ap to the stall. This is shown in figure 52
for 64 = +10°, and +20° and ¢2 = 0 (20°) -80° for fin 4. For
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+10°, the values of (i/cr)6 are well correlated up almost to
20° lying generally within the 4+0.01 limit. For 64 = 420°,
the angle of attack limit for correlation is between 15° and 20°,
and is not associated with the stall. For 64 = -10° and -20° we

noticed fin stall near aeq = 24° in figure 50. In figures 52(c)
and 52(d) we have used open symbols for lower values of ®eoq and
filled symbols for larger vales of a__. From these symbols,

eq
an approximate @ limit for correlation is established for
each ¢ and 64 = -10° and 64 = -20°, and the limits correspond

approximately to the values of aeq for stall. The limits were
established as the average between the highest angle of attack
for correlation and the lowest angle of attack for no corre-

lation. The limits, given in figure 53, show that for negative

values of § a significant region in the e ¢ space is subject

’
to fin stali at M, = 0.8. From figures 50(c) and 50(d), it

can be seen that not much control effectiveness exists above
these limits, and control deflection limitation (as a function
of ¢) would not seriously limit the maneuverability of the
missile. No attempt has been made to correlate (;:/cr)6 in the
stall region. Whatever phenomenon is the cause, it must account
for both large forward and backward shifts in axial center-of-

pressure location.

To summarize briefly Case C for M_ = 0.8, it can be said
that with exception of the ¢2 = ~-80° data CNF is correlated well
over the entire range of interest(otc = < 20°, 0 < ¢ < 90°). The
axial center-of-pressure correlation is limited to some angle of
attack between 15° and 20° for positive value of 64 by some
phenomenon other than stall. For negative deflection angles,

the (;(/cr)(S correlations are not valid beyond stall which occurs
for aeq > 24° except for large roll angles. Additional control

effectiveness is not obtained above the stall, and no attempt

to correlate (>.(/cr)(S for this region was made.
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We now turn our attention to M, = 1.2 for Case C. The
correlation curves of CNF4 versus ue for ¢2 = -20°, -40°, -60°,
and -80° are shown in figure 54 for 6, = +10° and * 20°. For
54 = +20°, good correlations are obtained. However, the usual
anomolous behavior of the ¢, = -80° data at higha, for 6, = #10°
is exhibited. A gradual stall of the fin occurs for M, = 1.2 at
high equivalent angles of attack, and it would be difficult to

specify the value of aeq for the onset of stall.

A calculation has been made using code NWDCM for the ¢2 = ~-80°
case in figure 54(a) to gain insight into the lack of correlation.
The calculated results are summarized in Table VI. We examine
these results from the viewpoint of (CNF)G only. A comparison is
made of the predictions of code NWCDM and the measured data for
(CNF)g in figure 55. Code NWCDM slightly underpredicts the measure-
ment. The question arises whether the lack of correlation for
$, = -80° in figure 54(a) for §, = 10° is simply a reflection of
the lack of agreement in figure 36(b) for 64 = 0°. If so, the
difference (CNF); calculated from these two correlation curves
should approximate the data. This hand calculation was carried
out and the results are shown as squares in figure 55. The results
fall below the data slightly at low angles of attack, but by about
25 percent at the highest angle of attack. Only part of the lack
of correlation at 54 = 10° is a reflection of the lack of correla-

tion at 64 = Q°,

Code NWCDM is a code based on panel and line singularity
methods derived from the wave equation with isolated point vortices
used to model body vorticity. It can thus be considered an
inviscid code. The good agreement between the measured values of
(CNF)6 and those predicted by the code indicates that an inviscid
aerodynamic process is involved. Since the code neglects gap
effects, it is thought that gap effects on (CNF)6 are small.

To complete the means for predicting CNF4 for the windward
side, we present a special correlation for ¢2 = 0 in figure 56.

Figure 56 (a) demonstrates a good correlation for normal-force
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coefficient for 84 = +10° and +20°. The correlation of (§/cr)

for ¢2 = 0 given in figure 56 (b) is within +0.0l1 except for two
points which probably contain experimental error. Accordingly,
the equivalent angle-of-attack concept provides correlation
curves which are adequate for this important case.

We now turn to the question of the correlation of (;E/cr)6
for ¢2 # 0. This quantity is needed to obtain hinge-moment
coefficient due to fin deflection. The experimental values of
(}_c/cr)6 are plotted versus a., in figure 57 for 64 = +10° and +20°.
For 64 = +10° and +20°, good correlation of the data are shown
up to about @, = 20° for ¢2 = -20°, -40°, -60°, and -80°. The
¢2 = 0°datapulls away from the correlation curve by 0.0l at an
angle of attack near 10°. In this behavior, the ¢2 = 0 data
behaves like other data for the leeward fins at M_ = 1.2 as
will be discussed in connection with Case D. The discussion of

the behavior is postponed to Case D.

Consider now the deflectionanglesG4 = =10° and -20° for
which the fin becomes more highly loaded. Figure 57(c) and
57(d) show departures of the data from correlation which depend
on ¢,. For 64 = -10°, the data for all ¢, values except +80°
15°. This

0.8 in figure 52(c) and

depart from correlation between a, = 10° and .,

behavior is similar to that for M|
52(d), although the rate of departure at M, = 0.8 is much more

rapid. At 64 = -20°, the departure from correlation occurs at

lower angle of attack, between a, = 5° and 8° except for the

¢2 = -80° data. We thus have a limitation on the applicability
of the data correlation depending on §
found for M_ = 0.8.

4 and ¢2 similar to that

The limits in a, for the validity of the correlation are
shown in figure 58 which is to be compared with figure 53 for
M, = 0.8. Several significant points need to be made concerning

the differences between the results for the two Mach numbers.
At M_ = 0.8, the limitations were associated with fin stall.
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At M, = 1.2 there is generally no clear-cut stall of the fin in
figure 54 for 64 = -10°. (For §, = -20°, there appears to be a
clear-cut stall for ¢2 = -60°.) There is thus an increase in
fin normal force available for control above the limits for

M, = 1.2 in contrast to those for M_ = 0.8.

An alternate_method of correlating (3-(/cr)(S was attempted.
In this attempt (x/cr) was plotted versus ac with 64 as parameter
for a fixed value of ¢, This method fails for M_ = 0.8 and 1.2
for ¢2 = -20°, -40°, and -60° but is successful for both Mach
numbers at ¢2 = =80°. The results shown in figure 59 correlate
generally within the desired limits of +0.01. The point can be
made that if (i/cr)é correlates as a function of o for various
values of 54, then the equivalent angle of attack is not the
correct correlating parameter. The values of (x/cr)(S in figure 57

for 64 = 10° and 20° generally correlate but those for 64 = =10°

and -20° do not. For negative values of 64 positive pressure exists

under the fin. A phenomenon which is compatible with the known facts

and which could explain the lack of correlation is interference
of the positive pressure field on the body boundary layer
approaching the fin from below. This explanation is also com-
patible with the fact that the boundary layer at ¢2 = -80° is
very thin so that the effect is miminal. It is of interest that
this alternate method of correlation also goes through for

Case D (described later) when the fin is on the leeward side of
the body.

We have used the supersonic missile code NWCDM to predict
values of (;(/cr)6 for Case C to see if it yields accurate values.
For this purpose, the case of fin 4 ten degrees off the windward
meridian was chosen. Calculations were carried out at M, = 1.2
for 64 = 0 and 64 = 10° and the results are tabulated in Table VI.
The corresponding measured quantities are tabulated in Table VII.
Comparison between the values of (;c/cr)6 in Table VI and VII
show good agreement in the low angle range. However, the theo-

retical values of (;c/cr)<S remain almost constant with changes in
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angle of attack while the measured results show a progressive

forward movement. The code thus fails to predict the values of
(;(/cr)6 within the accuracy limits (+0.02) which we would like
to achieve for values outside the low range. Whether this is
due to accuracy limitations of the code or to some unknown aero-

dynamic phenomenon is not known.

To summarize the results for Case C for Moo = 1.2, we find
that good prediction of CNF is obtained except for ¢2 = -80°,.
Here the values of (x/cr)(S depart from correlation for negative
values of §4 and a limit is set on o, dependent on ¢, for which
the correlation curves are valid. The code NWCDM does not pre-
dict (;c/cr)(S accurately for conditions where body vortex effects
and 1eading-edge vortex effects are negligible. We are thus
presently limited in prediction to the angle-of-attack limits
for negative 54 given in figure 58.

4.9 Correlation Curves and Prediction Method for Fin
Deflection; Leeward Side (Case D)

Case D represents the most complicated of all four cases
because it involves the combined effects of fin deflection and
body vortices. In the previous work on hinge moment (reference 1)
it was assumed that for a fixed roll position of the fin, the
vortex effects on the fin are independent of fin deflection angle.
This assumption implies that the effect of the vortices on the fin

are unchanged even though the vortices may move under the influence

of fin deflection. This point will come in for consideration in
the following pages.

For Case D we will present first the data for M = 1.2 fol-

lowed by that for M= 0.8. Consider first the CNF versus aeq

correlation for M, = 1.2 in fiqure 60 as given for 64= +10° and

+20°. It is noted that very good correlation is generally obtained
for ¢2 = 20° and 40° but for ¢2 = 60° and 80° the correlations

show more scatter about the correlation curve. This is probably
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7
,Q; associated with strong fin-vortex interaction. As an example, .
(i to show this effect, consider the variation of aeq with a, for -
" a particular case. >
b, = 60° 1
M, =1.2 ]
84 = 10%, &) =8, =83 =0° ,
In applying equation (19) to calculate aeq, a value of ¢2 = -60° E
is used since fin 4 has the same equivalent angle of attack as “
: fin 2 at ¢, = -60°. 4
\ 2 K
a, [K, @ coS ¢, —‘}—R—s—.T%sin dgcos ¢, a_la_|l-2,,6, (Bag) |oeq [ea (19)] 4
" N
x -2.01 -1.46 +0.03 -9.05| o0 |-10.5 .
¥ .04 .03 0 -9.05| o0 |- 9.0 .
% 1.90[ 1.30 -0.03 -9.05{ o0 |[-7.7
2 5.07| 3.67 -0.18 -9.05| 0o |-5.6
X 10.09 7.31 -0.72 -9.05 | -3.4 - 5.9
A 15.25( 11.06 -1.65 -9.05} -7.5 - 7.1
s 20.15| 14.61 ~2.89 -9.05 F11.8 |- 9.1
?ﬁ 21.73] 15.75 -3.36 -9.05 ~13.7 -10.4
.: |
i As ac increases, aeq increases, but as the vortex induced (Aaeq)v
g comes in, aeq starts to decrease. Thus the correlation points
3 move up the correlation curve for a while and thereafter move back
; down. An error of 2° in any of the components in aeq could account
f for almost all of the scatter in the correlation. Since (Aueq)v
3 at ac = 21.7° is = -13.7°, a 2° error here represents a 15 percent
= error in the vortex model.
; Turning now to the center of pressue due to control deflec-
- tion ()-t/cr)6 for fin 4, an initial correlation of this parameter
versus @ , or aeq for a fixed value of 6 4 but different ¢ , did
not yield correlation as in the previous cases. It was found
! that better correlations can be obtained by correlating the data

for a fixed ¢2 but variable 64. Thus separate correlation curves




----------------------------

~ are given in figure 61 for ¢2 = 20°, 40°, 60°, and 80°,

' At a_ = 0 the variation in (;‘/Cr)s with 6, is about +0.005
. where it is ideally zero. It is noted that data generally corre-
late within +0.02 except for ¢2 = 40° as a, = 20° is approached.

» T
s
P

"

A It is noted that the correlations for ¢2 = 60° and 80° are generally
better than those for ¢2 = 20° and 40°. Thus any vortex effect
on (i/cr)s is not a strong function of 64. It is also to be

‘n
'}‘!B

inferred that any gap effects on (;c/cr)6 do not vary much with

3' 64. One is tempted to conclude that the gap effects are probably
o small. The shape of the correlation curves certainly change

character with roll angle proving that roll angle is a more

.
o!

AN

significant parameter than 64.

It is important to know the reason for the trends shown in

q_. -’-v"

figure 61 if we are to apply the results to other body lengths
or radius/semispan ratios. If the trends exhibited by the cor-
relation curves of figure 61 can be predicted by the supersonic
. missile program NWCDM, then a possible basis for extrapolating
I the correlation curves is obtained. Accordingly, calculations
3 were made for ¢2 = 20° and ¢2 = 60° to obtain (;c/cr)6 using the
:; panel code. The ¢2 = 20° case involves moderate body vortex
effects and the ¢2 = 60° case involves large body vortex effects.
ﬂ The comparison of predicted and measured results are given in
) figure 62 for ¢2 = 20°. Considering first figure 62(a) for
CNF4, we note two diffcrent predictions. The predicted CNF4 with-
out normal-force increment associated with the Polhamus leading-
- edge suction analogy (square symbols) does not compare well with
< the data (shown as solid lines). However, including the normal
force due to leading edge vortices causes good agreement between

data and prediction (circles).

Similar comparisons are made between predicted and measured
hinge-moment coefficients in figure 62(b). Leading edge suction
has only a minor effect on CHM. The predictions are good for

i- : 64 = 0 but are otherwise generally only fair. This result must
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Y be associated with errors in (§/cr) load distribution since
CNF4 was well predicted. The (x/cr)6 results are shown in
figure 62(c). Code NWCDM predicts an almost uniform value of
{ (;/Cr)a whereas the data show rearward movement with increase
in a.-. Thus in this instance the missile code does not explain
the rearward movement with o, of (x/cr)G. The reason for the
. trend in not known although several hypotheses can be advanced.
%5 Until the reason is isolated, using the curves for different body

Ef lengths or (a/sm) ratios should be done only with caution.

N .' A similar comparison is made between the predicted and

7. measured fin characteristics for ¢2 = 60° in fiqure 63. The

NG peaks in hinge-moment coefficient are overpredicted because the
N code does not yield precise values of (;c/cr)(S as shown in
~figure 63(c).

i

Sy e

Let us now consider the CNF4 versus aeq curves for M°° = 0.8

e

given in figure 64. The correlations exhibit the same behavior

P 2 A R QP R0 B B

-

as those for M, = 1.2 in figure 60. The center-of-pressure

”

correlations for M_ = 0.8 are given in figure 65. These results

5{
oyt

are to be compared with those for M, = 1.2 in figure 61. The

NORY

trends of the curves with a, are generally different although

‘l ,I.

there is striking similarity between the curves for $,= 80°.
If an error in (i/cr) of +0.02 is accepted, then all the data
correlate except that for ¢2 = 60° and 80° for 64 = 20°. The
values of aeq are shown for the points in figure 65 which do

¢ &

D)

s %
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not correlate. The limits in Qg for correlation can be added to

figure 53 as a limitation in the current prediction method.

To summarize the present situation with respect to Case D,
for M_ = 1.2 the correlation curves of figures 60 and 61 can be
used to predict CHM4 with accuracies represented by about +0.02
error in (§/cr)6. The reason for the trends of (;c/cr)6 with o
are not understood so that application of the curves to missiles
with different fin locations or different ratios (a/Sm) can only

be done with caution. With respect to M_ = 0.8, the correlation
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curves of figures 64 and 65 can be used to predict CHM4 with the

F same accuracy as for M_ = 1.2. However, at ¢, = 20° and 84 = -10°

- and -20°, angle of attack limits on the accuracy of predictions K
exist which are similar to those of figure 53 for Case C. -

5. CONCLUDING REMARKS

In these concluding remarks, we will try to bring the present
investigation with its large mass of data into perspective with

- regard to what has been accomplished, and what is desirable for

future work. Basically three areas of study that have been e
examined, control c¢ross coupling and fin-fin interference in the
transonic range, correlation of hinge-moment quantities for a N
cruciform canard all-movable control where body vortex inter-

L

ference in minimal, and correlation of hinge-moment gquantities
for cruciform delta fins of R = 2 where significant body vortex

YR

effects occur. The setof data for the canard fins was obtained

AR

i‘ on the Army generalized missile several years ago. The data base

for the = 2 delta fin is from an ongoing triservice program

o o )

f sponsored by the Army, Navy, and Air Force.

v

P '—-. N

With respect to control cross coupling, the effect of yaw

control on the pitch control fins was investigated for the canard

k]

case as it influences fin normal force and hinge moment. Negligible
effects were found for the present body-diamter/fin-span ratio of
0.4 although for very small values of this ratio significant
coupling is to be anticipated. Conversely the effect of pitch
control on the yaw control was investigated with the same general
conclusion. o

The study of fin-fin control interference is based on measure-

ments made for all four cruciform fins as a function of angle of

attack and roll angle for various deflections of only one fin.

LY
(Y

L}

-

The basic quantity of interest is how much the normal force

" ..' & .' ‘.I"' "'

on the undeflected fin is changed as a result of normal force

-’

on another fin due to control deflection. Interference factors were

Y
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obtained as the ratio of the change in equivalent angle of attack
. of the undeflected fin to the control deflection § of the deflected

(3% Y |

S fin. For engineering purposes these ratios were approximated
closely enough for Mach numbers of 0.8 and 1.2 and small angles

. 8

N of attack by slender-body theory. The interference of the i

deflected fin on the opposing fin was negligible, but its effect
on the adjacent fins may not be at angles of attack between 10°
and 20°,

s A special study of the normal force, axial center of press-

sure, and hinge moment was made for the canard fins of R = 3.53

r

and taper ratio 0.06 mounted in the forward position on the Army

Do

generalized missile where body vortex effects are small. The

AS

equivalent angle-of-attack concept was used to correlate the fin

- &

normal-force coefficients for various angles of attack, roll
angles, and control deflections. Generally good correlation was
obtained for fin normal-force coefficient. For a fin rolled 10°
from the windward meridian the normal-force correlation was not
good. Application of a supersonic missile program (NWCDM) to

Ej predict fin normal-force coefficient for the same conditions for
“ another fin yielded estimates in fair agreement with data, showing
e that the effect is probably an inviscid one. The values of fin

< center of pressure for § = 0 correlated well as functions of a.
for various roll angles with the exception of some data for the

fin rolled 10° from the windward meridian. The center of pres-

sure due to control deflection correlated at M = 0.8 well up to

® fin stall, after which little or no more control effectiveness

was obtained. Similar behavior was obtained at M_ = 1.3, but the .
stall was much more gradual for this case. A special study to

correlate this parameter above the stall was not made.

T

M V.
) @. D
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The remaining part of the work was directed at studying the
hinge-moment characteristics of an R = 2 delta cruciform fin

for which an extensive systematic data base has been obtained to

- ‘I " .l ll .l .l "
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high angles of attack from subsonic to hypersonic Mach numbers in a
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triservice program aimed at obtaining a comprehensive data base

on all-movable cruciform controls. The program when completed ;
. will contain data for five fin planforms varying in aspect ratio ’

from 2 to 4 and taper ratio 0 to 1, but with uniform double-wedge '
2 airfoil sections. The motivation for this study was to try to

establish a rational modeling procedure to estimate hinge moment
? so that the data base results can be generalized to bodies of

varying length, to different body-diameter/fin-span ratios, and

el to fins influenced by vortices from forward surfaces. It is

a
PO A G N P W P )

impossible to obtain a complete data base covering those additional
conditions.

For this last study the operating regime was decomposed

oo o

into four cases to cover the different aerodynamic phenomena

E‘ existing for the different cases as follows:
Case A: Windward fins, no control deflection ;
Case B: Leeward fins, no control deflection

Case C: Windward fins, control deflection
i Case D: Leeward fins, control deflection
The study was based on using correlations suggested by the
equivalent angle-of-attack concept augmented with theoretical
aerodynamic calculations made at M_ = 1.2 by the supersonic
missile code, NWCDM.

=

b For Case A it was found generally that correlation curves

X based on the equivalent angle-of-attack concept provided adequate

ﬂ' means for determining the hinge-moment coefficient. Some anomolous 1
- correlation was obtained for normal-force data for fins rolled {
tf 10° from the windward meridian, but code NWCDM was successful in ]
.. predicting the discrepancies except at the high angles of attack ]
é: where its accuracy is marginal for M_ = 1.2 d
. For Case B the normal-force data generally correlated well. S
%: It was found for fins near the horizontal roll position that :
i significant normal-force increments are associated with the fin E
;' leading~edge vortices but these effects were small on hinge-moment )
-\ N
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coefficients. The correlation curves account for the effect of
leading=edge suction on normal-force coefficient. It was found
that the fin center-of-pressure results did not correlate on
equivalent angle of attack, but correlated better on body angle
of attack. However, at large angles of attack where significant
vortex effects influenced the fin, the values of center of pres-
sure did not correlate. The simplified vortex model used in

the preliminary hinge-moment prediction method of reference 1
was not sufficiently accurate to predict the center of pressure
of the body vortex loading on the fin. Code NWCDM showed posi-
tions of the center of pressure well forward of the hinge line
for intermediate angle of attack where the vortices are weak.

As the angle of attack is increasing, the predicted vortex center
of pressures moves aft and the vortex download increases. This,
combined with an upload on the fin behind the hinge line due to
the nonvortical component of the normal force, produces a couple
when the two components of normal force are equal and opposite.
At this condition the hinge moment is a pure couple and is close
to a maximum at moderate angles of attack. This couple cannot

be reduced by repositioning the hinge line. The code NWCDM was
fairly successful in predicting the peak hinge moments although
some inaccuracy existed at high angles of attack because the

code does not predict the center of pressure of the nonvortical
loading accurately. The presently proposed hand estimation
method for this case consists of correlation curves of all quantities
except the center-of-pressure locations of the vortex normal force.
It is recommended that code NWCDM be used to obtain design charts
for this quantity for use with the correlation curves. Unfor-
tunately a subsonic program similar to NWCDM does not exist so
that this procedure is currently not possible for the subsonic
part of the transonic range.

For Case C the correlation curves generally predict fin
normal force adequately. Also, good values of the center-of-

pressure position due to fin deflection were obtained up to angles
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of attack depending on roll angle and the sign of the fin deflec-
tion angle. For fin deflections which tend to unload the

fin normal force, good correlation was obtained to a, = 20°,

but for fin deflection angles of the opposite sign the above
mentioned limits exist for the current method except for

fins near the windward meridian. Code NWCDM was not successful
in removing this limitation. The facts are consistent with the
hypothesis that the positive pressure field under the fins inter-
acts with the body boundary layer in a fashion that changes the
fin center-of-pressure location. Means for overcoming this

limitation were not found.

With respect to Case D it was feared that interaction
between control deflection and body vortices would complicate
the correlation procedure. This was found not to be the case
for normal-force coefficient nor for center-of-pressure position
due to control deflection for fin deflections which tend to unload
up the fin. However, for control deflections of the opposite
sign, it was not possible to correlate the fin center-of-pressure
position due to control deflection at high angles of attack for
¢2 = 20°. Accordingly, limits in angles of attack similar to those
for Case C were found on the applicability of the method for trail-
ing edge down control deflections except near the leeward meridian.

As a result of the present study, certain suggestions for
future analytical work and experimental work arise. First with
respect to the triservice data base, the other four fins of the
triservice data base should be analyzed in a similar manner to the
present fin T51 to see if the results obtained for that fin are
general. Then a hand method for calculating hinge moment at
transonic speeds can be assembled based on the correlation
curves and certain data supplied by code NWCDM. It is desirable
to develop a subsonic code analogous to NWCDM to obtain the
center-of-pressure position of the vortex loading at subsonic

speeds.
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The triservice data base is for controls utilizing uniform
double-wedge sections in the streamwise direction. It is known
that airfoil sections can have important effects on the normal- ;
force and center-of-pressure characteristics of transonic wings .
for M, near 1.0. If this problem can be resolved, then the data -]
base can be extended to fins of different airfoil sections.
Some exploratory data to aid this study are desirable.

The method is presently limited in angle of attack for
trailing edge down control deflection. Further study of this
limitation is possible with a view to its amelioration. It may
be possible to correlate the deviation from the center-of-pressure
position given by the equivalent angle-of-attack concept. This
advance is worthwhile not only to remove the angle-of-attack
limitations of the current method, but also to be able to extra-
polate the method in configuration space.

The triservice data base as presently envisioned will
contain definitive data for M, = 0.8 and M, = 1.2 For M_ = 0.9
only zero control deflection data is being taken. It would be
desirable to fill out the data base at M_ = 0.9 so that three
transonic Mach numbers are available.

Generally we have found from former studies that fins of low .
taper ratio, A = 0 to 0.25, yield the least hinge moments without
much loss in control effectiveness. It appears desirable to
concentrate on such low-taper-ratio wings in future investi- 2
gations. Aspect ratios less than 2 are of lesser interest since
the root chord tends to be very long for fins of adequate planform
area.
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TABLE I.~- CALCULATED CENTER-OF-PRESSURE LOCATIONS DUE TO
VORTEX LOADING ON FIN 51 ON TRISERVICE MISSILE

CASEB M, = 1.2

A. BODY VORTICES ONLY

(x/cr)v [(y-a)/(sm—a)]V
-
a 20° 40° 60° 80° 20° 40° 60° 80°

8 | 0.652 ]| 0.573| 0.412| 0.440 0.338] 0.320| 0.212 | 0.229

10 | 0.670 | 0.593| 0.432] 0.473 0.334| 0.326| 0.250 | 0.251

12 | 0.684 | 0.610| 0.560 | 0.524 0.331] 0.331{ 0.308 | 0.289
%
15 | 0.691 [ 0.635| 0.635| 0.607 0.326| 0.336] 0.344 0.362 N
r:"
20 | 0.704 | 0.664| 0.664 | 0.675 0.325] 0.336] 0.351 0.410 Eﬂ
e 2
B. BODY VORTICES PLUS LEADING-EDGE VORTICES 23
2.
-
BODY VORTICES PLUS BODY VORTICES ONLY o]
LEADING-EDGE VORTICES J 2
"
(x/c_ ), [(F-aAs -a) ], (x/c), [(y-a)/(s -a)], 2
o
o o ¢ 20° 60° 20° 60° 20° 60° 20° 60° e
T:}
8 0.639| 0.418 | 0.371 | 0.264 0.652| 0.412| 0.338 0.212 5
-.‘_:
10| 0.653| 0.423 | 0.375 | 0.240 0.670| 0.432 | 0.334 0.250 =
l"“‘
12 0.660| 0.556 { 0.380 | 0.317 0.684 | 0.560 | 0.331 0.308 &3
e
15 | 0.658| 0.632 | 0.394 | 0.365 0.691 ] 0.635| 0.326 | 0.344 )
$1
20 | 0.655| 0.657 | 0.424 | 0.380 0.704 | 0.664 | 0.325 | 0.351 -
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TABLE III.- HAND CALCULATION OF NORMAL-FORCE
AND HINGE-MOMENT COEFFICIENTS OF FIN 51
USING CORRELATION CURVES

B
[ WP L VL. WY S S PPy

CASE B
M, = 1.2, ¢, = -60°
A. NORMAL-FORCE COEFFICIENT
o ®eq (e (3 (o) (onr),, (ep)
[eq. (6)] | [fig. 35(d)] P | [fig. 41(b)] | [fig. 41(b)]
20 1.47 1.47 0.061 0.061
4 2.85 2.85 0.118 0.118
6 3.85 3.85 0.159 0.159
8 2.70 - 3.12 5.84 0.242 ~0.130 0.112
10 2.10 - 4.56 6.66 0.276 -0.189 0.087
12 1.6 - 6.09 7.69 0.314 -0.252 0.072
14 1.1 - 7.70 8.70 0.361 ~0.320 0.041
16 0.55 - 9.44 9.99 0.415 -0.391 0.024
18 ~0.2 -11.30 11.10 0.460 -0.469 ~0.009
20 1.2 -13.07 11.87 0.493 -0.542 ~0.049
22 ~2.3 ~14.95 12.65 0.525 -0.620 -0.095
Fig. 41(b): 3222: = 0.0415up to &, = 12°
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[+ 2]

CASE B

= 1.2, ¢,

= -20°

A. NORMAL-FORCE COEFFICIENT

TABLE V.- HAND CALCULATION OF NORMAL-FORCE AND HINGE-MOMENT
COEFFICIENTS OF FIN 51 USING CORRELATION CURVES

a | (e (NF)p | Boegdv | aae), | (enm), | (onp),
(eq. 6) | fig. 41(b)| fig. 35(d)

2 2.70 0.12 0.0 2.70 0.12 0.0

4 5.27 0.27 0.0 5.37 0.23 0.0

6 7.98 0.33 0.0 7.98 0.33 0.0

8 10.56 0.44 -1.06 9.50 0.40 | -0.04
10 12.09 0.54 -1.96 11.13 0.46 -0.08
12 15.58 0.65 -2.80 12,78 0.54 -0.11
14 18.04 0.755 -3.65 14.39 0.60 -0.155
16 20.44 0.855 -4.51 15.93 0.665| -0.190
18 22.81 0.94 -5.36 17.45 0.735( -0.205
20 25.13 1.005 -6.17 18.96 0.795] -0.210
22 27.40 1.075 -6.94 20.46 0.855| -0.220
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t TABLE VI.- MACHINE CALCULATION OF NORMAL-FORCE AND

5 HINGE~-MOMENT CHARACTERISTICS OF FIN 51

USING CODE NWCDM

=

l.\n

¢2 = -80° WINDWARD FIN, 64 0°, 10° CASE C

-’_:.

b2

v -
W e CNF | ONF | onp) | cHM CHM (ciM) 4 (cx>
] - -] -0 — e

3 (degs)| §4=10°| &84=0 §4=10° | §4=0° r /s
)

Q' 2 .3428 -.0219.3647 -.0175 .0009 -.0184 .661
al 5 | .3264 | -.0539(.3803 | -.0172| .0024 | -.0196 .663
o2 6 | .3203 | -.0628/.3831 | -.0171{ .0029 | -.0200 .663
() 8 | .3068 | -.0925).3993 | -.0166] .0040 | -.0206 .663
fg 10 .2921 -.1173|.4094 -.01l62 .0051 -.0213 .663
o 12 | .2759 | -.1426|.4185 | -.0157| .0062 | -.0219 .663
] 15 | .2489 | -.1811(.4300 | -.0147| .0078 | -.0225 .663
fi 20 .1978 -.2447(.4414 -.0124 .0107 -.0231 .663
I3y

5 Positive CNF4 is to right in Quadrant III

Tne

T::'_ Positive CHMgy is trailing edge left in Quadrant III
:lzjli Positive 64 is trailing edge left in Quadrant III

o

'-'Z-. No leading-edge normal force
"
-_'*
.‘..
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TABLE VII.- EXPERIMENTAL DATA FOR COMPARISON OF

- COMPUTER RESULTS IN TABLE VI
*
. ¢2 = -80° WINDWARD FIN 4, 64 = 0°, 10° caSE C
: a CNF4 CNF4* CHM CHM ( ’c-‘) s
X degs | 6=10° §=0° (CNF)§ | s=100 s=0°| (CHM)
- -1.96 .3795 -.0008 .3803 -.0201 .0003] -.0204 | .665
8 .06 .3625 -.0194 .3819 -.0163 .0010f -.0173 ] .656

2,07 .3561 -.0436 .3977 -.0128 .0018| -.0146| .648
g
Y 5.07 .3275 -.0816 .4088 -.0081 .0033| -.0114| .639
- 10.10 .2648 -.1773 .4421 .0006 .0099| -.0093]| .632
: 15.14 .1852 -.2869 .4721 .0096 .0164) -.0068| .625

20.05 .1047 -.3879 .4926 .0186 .0208| -.0022{ .615

21.61 .0766 -.4195 .4561 .0216 .0208| +.0008| .610

Positive CNF4 is to right in Quadrant III
Positive CHMg4 is trailing-edge left in Quadrant III
is trailing-edge left in Quadrant III

Positive 64

* These quantities contain the effects of about 2° of sidewash
as the value of CNF at ac=-1.96° shows.

---------------------

------
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= -

€

x

= 150"

89

B 8y = 15° normal to all edges
?: L‘_—__ Ct ~—
\‘4
l:_" F
(I
o b
3
. Jr
" r= €y T
~
. ' b Ft _Cr tmax tmax
wing m in in. in. A in. <,
3: P, 0.5 | 4.243 0 1€.571 0 0.500 0.029
P, 0.5 | 4.243 5.657 | 11.314 0.50 0.500 0.044
/) P, 0.5 | 4.243 8.486 | 8.486 | 1.00 | 0.500 | 0.05¢
o P, 1.0 | 6.000 0 12.000 0 0.500 0.042
~ P 1.0 | 6.000 4.000 8.000 0.50 0.500 0.062
- P, 1.0 | 6.000 6.000 6.000 1.00 0.500 0.083
- P, 2.0 | B8.486 0 8.486 0 0.500 0.059
-
- Pg 2.0 | B.485 2.828 5.657 0.50 0.500 0.088
Q-_ P, 2.0 | 8.485 4.243 4.243 1.00 0.500 0.118
o Pio 4.0 |12.000 2.000 4.000 0.50 0.500 0.125
.'\-'
Figure 2.- Summary of characteristics of wings of
e , Stallings-Lamb-Briggs data base.
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Wing normal-force coefficient, Cy

.4+ O Wing
P O Fig 2

T23 O Figl
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0 10 20 30 40 50
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(a) R = 2, » = 0.5, M, = 0.8

Figure 3.~ Comparison of wing-alone normal-force
curves at transonic speeds.
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Wing normal-force coefficient, Cy
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a, deg.

(b) R =2, » = 0.5, M, = 1.2 N
Figure 3.- Concluded.
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Figure 4.- Comparison of wing-alone axial center-of-pressure
positions at transonic speeds.
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Figure 8.- Concluded.
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(b) Fin center-of-pressure position,
leeward fin

Figure 22.- Continued.
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Fin normal-force coefficient, CNF
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O Fin 2 sweep 1.4 x 106
2 b O Fin 4J 5P -
U Fin 2 6
sweep 2.1 x 10
4 (JFin 4 ¢ P
0o L&
-.2 1 1 1 1 1
-4 0 4 8 12 16 20

Angle of attack, o., degrees

(a) Mo, = 0.8

Figure 32.- Normal force acting on fin T51; ¢

R= 2.0, A = 0.0, § = 0°.
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vortex interference, ¢2 = 60°, case B.
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